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Figuee 4. Example of shear-dilation-conductivity modelling (diagrams 1, 2
and 3) and conparison with experiacntal data from Maini and Hocking (1977)
After Barton (1982)

Figare & (diagran 2) shoks the forn of the dilation path calculated in
this manner. Close approximation to experinental dilation paths has beca
established in cxtensive reviews of test data, as reported by Barton and
Bakhlar (1983)

When potential changes in conductivity are of interest, it is neces-
sary Lo superinpose valucs of 8F caused by dilation on the initial aperture
Tf flow tests have been pecformed on the unsheared joint, the initial
conducting aperture (¢) can be utilized, after conversion fo an estimte of
mechanical aperture (E) using the relationship shown in Figure 3. The
dilation path, a5 expressed by E + AF can hen be replaced by Lhe equiva-
Leat smooth wall apertures for conductivity calculations, using equation &
Exanples of this modelling Lechnique arc shown in Figure & (diagran 3), and
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the results are seen Lo conpare closely with Haini's test dats for a cleav-
age joint in slste.

EFFECTS OF JOINT DINENSIONS

A extensive experimental investigation pecfommed by Bandis (1950),
aud earlier vork by Pratt, et al. (1974) and Barten and Choubey (1977)
fevealed an smportant size effect on joint behavior. The shear stifiness
is the parameter affected most, due to simultancous reductions in strength
aud inereases in peak displacoment as joint dimensions (speci Fically lengch
L) are increased. In the context of the present joint characterizalion
Scheme, increased joint size causes marked reduclions in JRC and JCS, and
increacea in S(pedk). The magnitude of expecced size effects depends on
the value of JRG,, the lsborators scale roughness, ss shown by Bandis, et
al. (1981)

Formulations for these size effects were developed by Barlon and
Bandis (1982) and arc reproduced below. The nomenclature adopted incor-

porates Uk subseeincs (o) and (1) for laboratory scale and in-situ scale
Values respoctively:
1,\0.02 e,
1,:0.03 JRG,
s, = s, an
L, IReN0-33
npeak) = 5 (? an
Exanples of stress-displacenent and dilation-displacenent modeling
incorporating the above size effects are given in Figure 5. Jomnt lengths

OF 0.1, 1.0 and 2.0 meters have been assuned, and 4 relatively Low value of
erfective nomal stress (2 NPa) has been adopted. Size effccts are less
marked at higher stress

The joint leogih L used to represent in-situ block size is assumed to
be cqual to the averagd spacing of the joints that intersect the joints in
question. These cross-joints act as potential "hinges’ in the rock mass,
and Linit the size effect to this maximum dimension of joint surface
according Lo mltiple block shear tests reported by Barton snd Bondis
(1982). An exception Lo the above assumption vould be the case of a joint
set that is gently folded. Major undulations would never be sheared ani
would abviously extend the scale effect Lo a larger joint dimension. Such
undulations could be alloved for by adding a constant angle (1) to lhe
residual friction angle 0 in equation 5

CONDUCTIVITY CHANGES [NDUCED BY DILATION AT IN-SITU SCALE

Applications of the shove modelling technigues for predicting coupled
behavior under conditions of shear deformition ace illustrated in Figure 6
We have taken as starting points the joint aperiures established al 6 and
26 MPa under the fourth loading cycle illustated in Figore 2. It is
assuned that a subsequent thermal load causes » gradual rise in diffecen
tial stress in a particalar location in the near-field rock mass. The
potential effect a shearing event will have on conductivity is illustrated
in the loser diagran of Figure 6
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Figure 5. Constitutive modelling of shear stress-displacenent and dila-
tion-displacenent behavior of different block sizes, sssuming a constant
normal stress of 2 MPa. After Barton (1982)

Note that a constant level of effective normal stress has been assuned
for simplicity. Good joint confinement resulting from careful layout of
the caverns would usually result in increased effective normal stress as
dilation progressed, thereby cventually stabilizing furcher deformation
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Figure 6. Modelling poteatial shearing events for two in-situ block sizes
f 0.25 3ud 0.75 m, 3L canstant effective nommal stress levels of 6 fba and
2 4P,
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The delayed dilation and conductivity changes seen for the largest
black size (L, = 750 mm) are caused by the reduced effective roughness.
Delayed dilatidn with larger block sizes was a consistent feature of Ban-
dis’ (1980) experinental data, and is therefore incorporated in the nuseri-
cal model.

FULLY-COUPLED, HYDROTHERMOMECHANICAL JOINT BEHAVIOR

The modelling capabilities illustrated in the foregoing discussion
cepresent significant advances over previous joint modelling capabilities.
Nevertheless, there is an important aspect that has been totally ignored,
nanely the effect of rock (and vater) temperature. If sulficient testing
had been perforned this aspect could have been addressed, but at present
there 15 apparently only one set of data available. This i¢ illustrated in
Figure 7.

The dats wan shrained ader conditions of noctal siress vith s shenr
componeat The Fastieuier Joint i sampied by eill ‘ors ws in Fisere 3
e charesseniaed %, fotlov = 35 R e 205, 2 90 Wres 01 540
e, TRy e oy 7583 Cror jount Lengind Ty Bt 200-350 mS, 0,
°, 9, 2 250, "

Figure 7. Fully coupled joint aperture, temperature and stress behavior
for » rough, mineralized joint in gneiss. The data vas obtained from Terra
Tek's B m? in-situ heated block test.
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The ares of joint actuslly loaded by the flatjacks exceeded 5 nf, but
the flow test uas conducted in an srea of only sbout 0.08 n, between
parallel boreholes. The rock and water temperature in this zone is given
along the disgonal axis in Figure 7.

In sumary, the test joint eshibited a four-fold reduction in conduc-
tivity vhen losded from 0 1o 6.9 MPa under ambient conditions, and a thir-
ty=Told reduction vhen temperalure was also increased to 74°C. lncreased
temperature alone, with no change in the normal stress, reduced the condue-
tivity ten-fold.

This remarkable reduction of flow aperture wes interpreted by Barton
and Lingle (1982) as improved mating of the opposed joint walls. The test
Joint uas quite rough, and was undoubtedly forned at clevated temperature,
though how high is uncertain. A roughoess profile of & joint measured at
asbient temperature will mol exactly match a profile measured while the
joint is at elevated temperature, due to anisotropic thermal contraction
Flevated temperature and pressure probably partially recreated formalion
conditions

The inproved mating of the asperities is alnost maintained by pressure
alone during cooling, probably due Lo the high shear strength of the Light-
Iy mated walls. Significent lack of fic was not reestablisehd uatil the
sperture rebounded fron 161 Lo 42.2 jm, which occurred somevhere between
5145 WPa and 0 Mea (points 20 and 21 in Figure 7)

Numerous tests are required on a variety of joints snd fractures
before the shove behavior can be incorporated in mumerical models. Intui-
fively, one vould expect that only nomal behavior would be sigaificantly
affectéd by temperature. However, the potential for sdded closure might
also cause an offective increase in JAC(aobilized) for any initial shearing
event. Both the added closure and the increased stiffness in shear vould
be positive aspects of thermal Loadiag, possibly counteracting some adverse
effects.

CoNCLUSTONS

1. Simple, inexpensive tests can be conducted on jointed drill core to
obtain’ Laboratory scale values of key parameters needed in hydro-
mechanical modelling of near-field rock mass behavior.

2. The sample or block size is allowed for in a quantitative manner, and
i found to have considerable influence on behavior in shear, particu-
Larly where conductivity and dilation are coupled

3. Joint apertures need to be carefully defined to differentiste the
Cough mechanical aperture (E) from the smooth-wall conducting aperture
(e) used in the conductivity equation.

4. Insufficient test data is presently available to clearly define the
behavior of joints under thermal load. This situation needs to be
rectified by heated block tests with full hydrothermomechanical coup-
Ling. Such tests can be conducted st a variety of scales both in the
laboratory and in-situ.
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ROCK_JOINT DESCRIPTION AND MODELLING FOR PREDICTION OF NEAR-FIELD
REPOSTTORY PERFORMANCE
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“Terra Tek, fnc., 400 Vakara Vay, Salt Lake City, Utsh 84108, USA
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ABSTRACT

The shear behavior and normal closure behavior of rock
joints have a major influence on the changes in joint con-
ductivity to be expected during the life of a repository.
Hethods are described for obtaining the joint parameters
required to model these conductivity perturbations. They
include the joint roughness and the wall strength, which can
both be obtained from simple tests on jointed drill core.
Examples are shown that illustrate the shear stress-dis
placement, dilation and conductivity caupling that occurs
when @ joint of iven size is subjected to shear under
various levels of effective normal stress. Major increases
in conductivity may occur. Exasples are also shown that
illustrate the stress-closure-conductivity coupling. This
comprehensive joint behavior model indicates that important
size-effects exist in shear behavior which are related to
the joint spacing or effective in situ block size. The
discrete modelLing of near-field joint and fracture perforn-
ance is essential for predicting the long-term integrity of
a nuclear waste repository.

INTRODUCTION

Rock joints represeat potential pathways for radionuclide migration
through geologic barriers, after long-term storage in granite, basalt, tuff
or other jointed media. Characterization of these joints is requred to
obtain data foc modelling long-tern behavior. Particular concern centers
on_the potential changes in joint aperture, caused by joint opening vhen
cooling occurs, or caused by shear and dilation during the heating phase,
when large differeatial stress levels may build up in the near-field.

Transport velocities through joints may be three or four orders of
magnitude faster than theough unjointed, pocous media showing equal flow
rates in a packed-off section of borehole. Furthermore, a change of con-
ducting aperture from say, 15 microns Lo 150 microns, caused by a small
amount of shear-induced dilation may increase the grounduater flow velocily
by a further two orders of magnitude, since conductivity is proportional to
aperture squared.

Methods have been developed for index testing of drill core, to obtain
the crucial joint parameters required for modelling this behavior. These
parameters consist of the joint roughness coefficient (JAC), the joint wall
conpression strength (JCS) and the residual friction angle ().

JOINT CHARACTERIZATION TESTS

The paraneters listed above can be obtained from extremely simple Lilt
tests using pieces of intact and jointed core, as shovn in Figure 1. The
ideal joint sample would be axially jointed, but routine testing can also
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include obliquely jointed sam-
ples, as typically recovered
fron' o drilling program. The
int  roughness  coefficient
BRSO 15> Sokained fron  such
tests as follows:

a-o,

B¢ = Tog (OS5, @

where: @ = tilt angle vhen

sliding occurs
corresponding value
of effective nornal
stress uhen sliding
occurs (weigh upper
sample, correct. for
)

o

The value of JRC typically
varies from zero to about 15,
the former value corresponding
to residual non-dilatant joint
surfaces for hich

The residusl friction angle

Figure 1 Simple index testa for deter-
mining JRC and g, using Jointed blocks
or jointed drill’core.

(8,) may be Tover than the basic
friction angle (4) obtained
Fron the UIt tests on core
sticks (lowest sketch) due to
veathering or alteration effects
A sinple empirical relationship
has been derived to estimate 0.
£rom ¢, based on Schamidt hamnef
tests “perforned on both the
unweathered, dry rock (rebound
R) and on’ the weathered and
srted” joint wll (rebownd

0,5y - M +R R @

The Schmidt hammer test is also
used to estimate the joint well
compression  streagth * (JCS) of
the frech or altered joints in
the saturated state, if this is
appropriate to in situ condi-
tions.  Knowledge of the rock
density and rebound (r) provides
an estinate of the compression
Strength using Miller's (1965)
relationship. ~ Details of the
above  characterizetion tests
vere given by Barton and Choubey
(9775, Example values of the
above paraneters might be as
follows
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= 660 Equation 2 gives:
0.001 HPa b, = 26° (moderately altered)
w

50 Equation 1 gives.

100 #pa JRC = (66°-26°)/5 = 8 (moderately rough)
300

JOINT CLOSURE MODELLING

The sbove parameters JRC and JCS fora the basis of an empirical model
for normal closure developed by Bandis (1980). It was developed from the
cesults of normsl closure tests on more than 60 joint samples represeating
Five different rock types, and having a variety of weathering grades. This
Bodel has since been programmed by Bakhtar as reported in Barton and Bakh-
tar (1983).

The Bandis closure model incorporates hyperbolic loading and unloading
curves, relating effective normal stress (0,') and joint closure (V) as
Follows " i

A @
T

“hece (1) and (5) are constants. The initisl normal stifness (K ) i
Sl o the inverse of (a3, and the naxims possiste closure (i) dbfines
the asymptote (a/b). Relationships defining the magaitude of K. and V,
for cachcycle of loading wetc Gerived Tron the eaperinental data Detail®
ar% Siven by Bandia, et S1- (1983

The degree of closure that accurs under a given increment of effective
corma] stress depends on Uhe GRitie] Apercire nessured wnaer Self-ueiphe
loading, on the wall strength (JCS) and on the roughness (JRC). It has
proved fomenient o relate the initial aperture to the relative slteration
Bor /365> whara ar i the mienial Sireogih of She woveathend Tock. e
STEITaN Temuies Sjust heee. paraneters o predion moresl seess-closure
beavior under ssbient conditions: 65, 0r and TRC. " Examples of such
modelling ‘sre siven in Figore 2 (upper diaged for the case of cderately
Veathered, ‘modarately rough Joints

Note that the first consolidation cycle causes a large permanent set,
due to the inherent disturbance associsted with the extraction of jointed
samples for testing. The stiffer behavior exhibited on the third and
fourth cycles probably closely approximates in-situ behavior. The two
points marked on the fourth loading cycle are used in a subsequent example
as starting points for hypothetical shearing events, under effective normal
Stress levels of 6 and 24 MPa respectively. The pure gormal closure model-
led in Figure 2 s considered independent of sample size, and labortory
scale parameters are used as input. lmmediately shearing occurs (or mis-
match) the large scale roughness and asperily strength are mobilized in-
stead. This aspect of modelling is developed in a subsequent section

CONDUCTIVITY-APERTURE. RELATIONSHIP

A review of joint and fracture conductivity tests indicates that the
mechanical aperture (E) (or changes in aperture AE) and the equivalent
saooth wall aperture (e) (or changes in be) are not of equal magnitude.
The so-called cubic lLaw (Witherspoon, et al., 1981) relating flow xate to
aperture cubed is not physically correct vhen values of E or AE are used Lo
represent aperture, but is an acceptable model when values of e or de are
considered (Barton, 1962).
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Figure 2. Examples of stress-closure and conductivity-stress modelling,
based on'the hyperboLic law derived by Bandis (1980) and based on the rela-
tionship betueen apertures £ and e shown in Figure 3.
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It is spparent from the review of data that divergence from the cubic
law is accentusted at small apertures due to increased effects of vall
roughness, sreas of asperity contact and flo path tortuosity. The ratio
Efe or AE/fe is approximately related with the joint roughness coefficient,
a5 indicated in Figure 3

The stress-closure model {llusteated in Figure 2 (upper diagram) shows
stress plotted against changes of mechanical aperture 8E. The initial
aperture (a;, at almost zero, self-weight stress) is reduced by the vari:
tions in AE] and the difference (a, - AF) needs to be converted to appro-
priate values of (e) for calculdting the conductivity-stress behavior
illustrated in the lover diagram in Figure 2. Conductivity (k) is caleu-
lated from the vell known relationship

k= etz w
The slight change of gradieat seen in the first cycle at a stress level of

24 MPa in the above example represents the point of divergence from the
Cubic law, caused by reducing sperture

1mm 0.1mm 0.01mm 0.001mm

RATIO OF (Eve)

n
1060 500300200 100 50 3020 10 5 8 2 1
THEORETICAL SMOOTH WALL APERATURE [e] m

Figure 3. Relationship betueen the rough mechanical sperture () and the
smooth-ualled conducting sperture (¢), sccording to the laboratory scale
value of joint roughness JRC,, after Barton (1982).
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HOBILIZATION OF ROUGHNESS DURING SHEAR

Strongly snisotropic stress fields, such as measured in the welded
Luff at the Nevada Test Site, have the potential for causing shear deforma-
tion along joiats intersected by the HLW repository tunnels. The possible
superposition of Lhernally-induced differential stress may subsequently add
to this shesr deformation in Some localions. The potential for greatly
enhanced grounduater {lows has therefore (o be addressed

The joint roughness coefficient JRC introduced carlier, specifically
celated to peak shear strength. The corresponding peak drained friction
angle (6') 15 theretore obtained hy rearrangenent of cquation 1

' = URC-Log (JCS/0,") ¥ b, )

This peak strength is mebilized following a small shear displacenent de-
noted by 6(peak). A revies hy Barton and Bandis (1982) indicated that
B(peak) is frequently about 1% of the joint sample length (L) for the case
of Laharatory-size samples (nominally I, = 100 mm for laboratory samples).
During this first | mm of shear displicement ¢_is mobilized first, and
then roughness, causing dilation. Post-peak, at 'displacements Larger Uhan
our cxample | mm, roughncss is graduslly destrayed or worn dovn. Dilation
Continues but at b reduced rate post-peak

I is ahviously convenient to formilate Lhe general case in which the
Strength at any given displacenent (5) is denoted by o(nobilized), whose
Value' depends on the corresponding magnitule of JKC(aohilized).

¥

It has recently been established that the dimensionless teems JRC(mob)/
JRC(peak) and 5/6(peak) increase during shear in an alnost identical mamner
For a vade variely of Joint surfaces, and for a wide range of stress levels
We can therefore utilize o standard Lable of values for these dinensionless
terns to predict shear stress-displacement behavior for joints having any
desired values of ICS, JRC and 0. This can be done for any stress level
Of interest. Au example is showf in Figure & (disgran 1). Nunerovs exan-
ples conparing expecinental and predicted behavior were given by Barton and
Bakhtar (1983)

o, = JKC meb. Lo (ICS/0,) + 0, ©

COUPLING OF DTLATION AND CONDUCTIVITY

The meximum rate of dilation occurs cosncidentally with he mobiliza-
Tion of peak shear strength and can be estimated fron the following equa-
tion (Barton and Choubey, 1977)

4, (peak) = 172 IRC(peak) - log (IC5/0,) m

I¢ is now known (haC this peak dilation angle can be generalized in the
same vay as above, to sccount for pre-peak and post-peak shearing (Rarton
and Bakhtar, 1983). Thus:

/o, ®)

4,°(n0b.) = 1/2 JRC(mob.) log J0S/0,

The change of aperture caused by shear-induced dilation can therefore be
caleulated from

36 = a0-ton 4, (oob) ©




