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A relationship between joint roughness and joint

shear strength

Relation entre la rugosité des fissures et la résistance au cisaillement

Eine Relation zwischen Fugenrauheit und Fugenscherfestigkeit

N.R. BARTON, Norges Geotekniske Institutt, Oslo - Norvége

SUMMARY,

Tension fractures generated in different strengths of a weak, britile model material
are taken to represent joint surfaces of different dimensions. Direct shear tests
performed on these surfaces suggest that, as far as peak shear strength is concerned,
no appreciable strength-scele effect exists.

Analysis of the experimentel results for a large number of shear tests on model
joints reveals that a linear relationship exists between the peek dilation engle end
the peak stress ratio. It is also found that a simple relationship exists between
the peak dilation angle and the ratio of the nommal stress to the compressive
strength,

eissi.mple method is developed for statistically analysing the roughness profiles
recorded for joints of varying degrees of roughness., This involves the computation
of inclination engles for asperities of different base lengths. It is found that
these quentities are analogous to the change of peak dilation angles for different
normel stresses. :

The practical application of this shearing analogy to slope stability problems is
sumnarised, end a typicel example emmerated, Photogrammetric recording of the
roughness of joints exposed on rock faces, and a statisticel anelysis of the data,
provides an estimate of the peak shear strength for any renge of normal stress.
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A MODEL STUDY OF ROCK-JOINT DEFORMATION

N. R. BarTON
Norwegian Geotechnical Institute, Oslo, Norway

(Received 13 November 1971)

Abstract—Existing techniques of rock-joint modelling are reviewed. It is concluded that no
methods presently in use are acceptable as either realistic models of mating rock joints or as
mass production methods for the development of large, highly jointed models of rock masses.

Amethod is described for producing mating tension fractures in a weak, brittle model material
using a large guillotine device. Parallel sets of model joints can be produced which are continu-
ous, cross-jointed or offset (stepped) depending upon the chronological order of fracturing. The
direct shear properties of these three types are compared and evaluated. The model results are
used as a basis for predicting the full-scale (1:500) displacements accompanying shear failure
of a 96-ft long prototype tension joint.

Recent numerical modelling of jointed rock masses has been based on assumed values of the
shear and normal stiffness of the joints. These components are found to dominate the elastic
deformation properties of the intact rock. The results of shear and normal stiffness tests on the
model joints are used for a careful assessment of these quantities. The shear stiffness (peak shear
stress per unit tangential displacement) is found to be both normal stress and size dependent,
and this is confirmed by a survey of shear-test data for joints in rock. There appears to be an
inverse proportionality between test dimension and shear stiffness, for a given normal stress.
The normal stiffness (normal stress per unit closure) is found to be dependent on the preconsoli-
dation or virgin normal stress level.

The problems of simulating the behaviour of jointed rock masses by the finite-clement method
are reviewed. Two particular drawbacks seem to be the conservation of energy demanded
during computation, and the computer storage problems involved in modelling dilatent joints.
Both these features are of fundamental importance to rock-mass deformation. A move towards
realistic physical modelling is considered essential to an understanding of real processes.
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PROGRESSIVE FAILURE OF EXCAVATED ROCK SLOPES.

by Nicholas Barton*

SUMMARY

The stability of a rock slope is largely controlled by the presence
of discontinuities in the rock. Their presence means that failure is
generally of a translational type, and is therefore amenable to simple
methods of analysis. The most unstable situation is chosen; one of the
Joint sets dipping into the slope with a strike direction parallel to
the slope face. This situation is amenable to a two dimensional approach,

A limit equilibrium method is used to analyse a simple plane failure.
Three refinements are then incorporated; the division of the unstable
rock mass into slices (representing an additional set of vertically
dipping joints), the assumption of zero tensile strength across these
slices, and analysis of the effect of excavation on the assumed self
weight stress distribution acting on the Joints exposed by the excava-
tion, The stability or instability of different parts of the slope is
characterised by forces acting parallel to the failure surface. The
depth of failure can be calculated without recourse to computing methods.

The concept of pre-failure shear displacements and increased weathor-
ing of overstressed joints is introduced. This progressive failure mech-
anism leads to a possible stepped portion of the failure surface. The
predicted multi-linear slide scar is characterised by a vertical scarp
passing through thecrest of the slope, a stepped portion on which the
vertical joints open, with sliding on theinclined joints, and shear fail-
ure on the inclined joint passing through the toe.

The stepped portion is caused by progressive failure, and residual
shear strength parameters are adopted in this region for design purposes.
This is considered to be a more realistic solution than a global assump-
tion of residual strength., The method is illustrated by worked examples,
in which the progressive failure mode is shown to reduce the failure
depth considerably, A further reduction in stability is caused by trans-
ient water pressures. The pessimistic assumption of a full tension crack,
and steady seepage reducing to zero exit pressure at the toe is used as
an illustration.
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A MODEL STUDY OF AIR TRANSPORT FROM UNDERGROUND
OPENINGS SITUATED BELOW GROUND WATER LEVEL

Etude experimentale pour la circulation de Iair depuis une excavation
souterraine située sous le niveau phréatique

Experil Unter iber die Luftbewegung aus unterirdischen Hohlrdumen
unter dem Grundwasserspiegel

N. R. BARTON, Ph. D. Norwegian Geotechnical Institute, Oslo, Norway.

SUMMARY

A parallel plate model (Hele-Shaw analogue) was used to study two phase fluid flow problems in jointed rock.
The principal aim of the study was to determine the influence of groundwater on the flow of air from large
underground openings. The information obtained was used to interpret the results of some borehole pumping
tests that were performed in the field, and to predict the air leakage rates that might occur from large
openings excavated in the same location. Drawdown tests were also performed to determine the head of water
remaining above a large unlined opening, when the latter was located several diameters beneath the original
groundwater level. Flow through uniformly jointed rock and through individual joints has been considered.

RESUME

Un modele 3 plaques paralléles (analogue & celui de Hele Shaws) a té utilis€ pour étudier les problémes

d' écoulement de fluides diphasiques dans les roches fissurées. Le but principal de I’ étude €tait de déterminer
I"influence de 1' cau souterraine dur 1'écoulement d' air depuis une excavation souterraine importante. Les
informations obtenues ont été utilis€es pour interpréter les résultats d' essais de pompage dans des sondages
et prévoir les débits d' air pouvant intervenir autour de grandes excavations dans la méme situation. Des
€ssais de rabattement ont de plus été réalisés pour déterminer la charge de I' eau demeurant au-dessous
d'une grande cavité sans revétement lorsque le niveau se trouve rabattu de plusieurs diamétres de la cavité,
au-dessous du niveau statique original. Les écoulements & travers une roche uniformément perméable et
aussi ) travers des fract, individuelles ont été i )

ZUSAMMENFASSUNG

Ein Modell mit parallelén Platten (#4hnlich wie das Hele Shaws“sche Modell) wurde verwendet, um die

génge ciner in ' els zu . Der Haup de
Untersuchung war, den Einfluss des Grundwassers ber die Luftbewegung aus grossen unterirdischen Hohl-
Ergebni

riumen . Die wurden fdr die Auswertung von einigen in situ Pump-
versuchen und auch fir die Abschitzung der Durchflissmengen von Luft aus Hohlriumen in der gleichen Lage

g . A wurden auch " . um die W Ghe ber einem grossen
unve bei einer Absenkung von des pi

5 durch einen glei zerklifteten Fels sowie durch einzelne Klite wurden

betrachtet.
INTRODUCTION
The containment of fluids in underground openings storage pressure. (Morfeldt (1).) However, a
in rock is common practice in those Scandinavian class of problems has recently come to notice in
countries which have the benefit of widely distribut- which it is difficult, if not impossible for ground
ed igncous and metamorphic foundation rocks, It is water levels to be maintained. This is because the
not normally economically attractive to consider fluid may be at a much higher pressure than the
complete artificial lining of these openings, so local hydrostatic pressure, or alternatively, the
leakage rates and velocities of migration are opening and associated tunnels may be located at
largely dependent on the inherent rock mass per- such shallow depth below the surface that localized
meability. There is a class of problems where drainage of the ground water occurs.
fluid migration need present only a limited problem,
if the local ground water level can be maintained so The model study to be described in this report was
that the hydrostatic pressure exceeds the fluid directed towards several complicated problems of

1972




Engineering Geology, 7(1973) 287—332
©Elsevier Scientific Publishing C

= Printed in the Netherlands

Reviews

REVIEW OF A NEW SHEAR-STRENGTH CRITERION FOR ROCK JOINTS

NICHOLAS BARTON

Norwegian Geotechnical Institute, Oslo (Norway)

(Accepted for publication N ber 14,1973)
ABSTRACT
Barton, N, 1973. Review of a new shear-strength criterion for rock joints. Eng. Geol.,
7: 287—332.
The surface roughness of rock joints depends on their mode of origin, and on the
i 1 of the rock. A the ghest joints will be those that formed in intrusive
rocks in a tensile brittle manner, and the b the planar cl ge surface in

slates. The range of friction angles exhibited by this spectrum will vary from about 75° or
80" down to 20° or 25°, the maximum values being very dependent on the normal stress,
due to the strongly curved nature of the peak strength envelopes for rough unfilled joints.

Direct shear tests performed on model tension fractures have provided a very realistic
picture of the behaviour of unfilled joints at the roughest end of the joint spectrum. The
peak shear strength of rough—undulating joints such as tension surfaces can now be
predicted with ptabl from a k ledge of only one , namely the
effective joint wall compressive strength or JCS value. For an unweathered joint this will
be simply the unconfined compression strength of the unweathered rock. However in
most cases joint walls will be weathered to some degree. Methods of estimating the
strength of the hered rock are di 1. The predicted values of shear strength
compare favourably with experimental results reported in the literature, both for
weathered and unweathered rough joints.

The shear strength of unfilled joints of intermediate roughness presents a problem
since at present there is insufficient detailed reporting of test results. In an effort to
remedy this situation, a simple roughness classification method has been devised which
has a sliding scale of roughness. The curvature of the proposed strength envelopes
reduces as the roughness coefficient reduces, and also varies with the strength of the
weathered joint wall or unweathered rock, whichever is relevant. Values of the Coulomb
parameters ¢ and @ fitted to the curves between the commonly used normal stress range
of 520 kg/em* appear to agree quite closely with experimental results,

The presence of water is found in practice to reduce the shear strength of rough
unfilled joints but hardly to affect the strength of planar surfaces. This surprising experi-
mental result is also predicted by the proposed criterion for peak strength. The shear

gth d ds on the pressi which is itself reduced by the presence of
water. The sliding scale of roughness incorporates a reduced contribution from the com-
pressive strength as the joint roughness reduces. Based on the same model, it is possible to
draw an interesting analogy between the effects of weathering, saturation, time to
failure, and scale, on the shear strength of pl joints, ing these
causes a reduction in the compressive strength of the rock, and hence a reduction in the
peak shear strength. Rough—undulating joints are most affected and smooth—nearly
planar joints least of all.
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Engineering Classification of Rock Masses
for the Design of Tunnel Support
By
N. Barton, R. Lien, and J. Lunde
With 8 Figures
(Received August 31, 1974)

S —Z f — Résumé

Y

Engineering Classification of Rock Masses for the Design of Tunmel Sf(pﬂom
An analysis of some 200 runnel case records has revealed a useful corrchnc_m be-
tween the amount and type of permanent support and the rock mass quality Q,
with respect to tunnel stability. The numerical value of Q ranges fr@ 0.001 (for
exceptionally poor quality squeezing-ground) up to 1000 (for fxocpuvotully go'od
quality rock which is practically unjointed). The rock mass qu:{lny Qisa fu_nctm
of six parameters, each of which has a rating of importance, which can be csnmaujd
from surface mapping and can be updated during suhscqucn? excavation. The six
parameters arc as follows; the RQD index, the number of joint sets, the rough-
ness of the weakest joints, the degree of alteration or filling along the weakest
joints, and two further parameters which account for the rock lo§d and water
inflow. In bination these p P the rock blodt-suf, 'lht inter-
block shear strength, and the active stress. The proposed classification is illustrated
by means of field examples and selected case records. ) .
Detailed analysis of the rock mass quality and corresponding support practice
has shown that suitable permanent support can be estimated for the w_holc spec-
trum of rock qualities. This estimate is based on the rock mass quality Q, the
support pressure, and the dimensions and purpose of the excavation. The support
to be a function of Q, the joint roughness, and the number of
}oinx sets. l'1r‘hc Jatter two determine the dilatency and the degree of freedom of
the rock mass. o
Detailed recommendations for support measures include various coml?manons
of shotcrete, bolting, and cast concrete arches togeth with the approp bolt
spacings and lengths, and the requisite thickness of sl\o'(c'mc or concrete. The
boundary between self supporting tunnels and those requiring some form of per-
manent support can be determined from the rock mass quality O.

Key words: Classification, rock mass, joints, shear strength, tunncls, support
pressure, shotcrete, bolts.

Rock Mechanics, Vol. 6/4 v
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A REVIEW OF THE SHEAR STRENGTH OF FILLED DISCONTINUITIES
IN ROCK

Qversikt over skjerfastheten hos fylte diskontinuiteter i fjell.
Dr. Nick. Barton, Norges Geotekniske Institutt.

SUMMARY

Rock discontinuities that are filled with plastic materials represent one of the
greatest problems in rock engineering. The wide range of properties and variety
of occurrences make it extremely difficult to estimate the shear strength in
anything but crude terms — for instance “low" (@} = 12°—20°), or “very low”
(@; = 8°—12°). Even the ability to classify in this manner may be extremely
valuable when designing the optimum anchoring or bolting required to stabilize
surface cuttings or the walls of large underground openings. The most
complicated and critical filled discontinuities may need to be tested in situ, if
the cost of failure is sufficiently high.

If direct shear tests are to be performed it is extremely important that the test
conditions are as relevant as possible to field conditions. The soil mechanics
principles relevant to shearing and unloading problems are briefly reviewed. It
would seem that slow drained teste will be the most relevant test method for all
cases involving unloading above the critical filled discontinuities,

An increasing degree of complexity is introduced into the problem when the
clay fillings are less thick than the roughness amplitude of the wall rack, A
limited shear displacement will then result in a marked stiffening when opposed
rock asperities make contact.

Both idealized laboratory models and engineering examples of rock wall
interaction are reviewed, in an attempt to clarify the relative importance of
filling behaviour and rock contact, Shear test results reported in the literature
for filled discontinuities are tabulated in an appendix.

INTRODUCTION

For various reasons the rock joints of Norway, both cleanand clay-filled, have hardly ever
been tested in direct shear, either in the laberatory or in situ. Among the most important
reasons for this apparent failure are:

(i) the unusually high strength of most of the rock

(i) the relative lack of surface wathering, due to recent glacial erosion
(iii) generally widely spaced and discontinuous jointing

liv) extremely varied and complicated occurences of filled joints

1973

The Shear Strength of Rock and
Rock Joints
N. BARTON*

Rock joints exhibit a wide spectrum of shear strength under the low effective
normal stress levels operating in most rock engineering problems. This is
due to the strong influence of surface roughness and variable rock strength.
Conversely, under the high effective normal stress levels of interest to tectono-
physicists the shear strength spectrum of joints and artificial faults is narrow,
despite the wide variation in the triaxial compression strength of rocks at
fracture. In Part I of this review, empirical non-linear laws of friction and
fracture are derived which explain this paradoxical behaviour and which
can be used to predict or extrapolate shear strength data over the whole
brittle range of behaviour.

Under higher confining pressures the behaviour of rock ceases to be brittle
as the brittle-ductile transition is reached. Expressions are derived which
quantify this condition and explain the variable transition behaviour of rocks
as dissimilar as limestone and shale. At still higher confining pressures the
Mohr envelopes describing failure of intact rock eventually reach a point
of zero gradient on crossing a certain line, defined here as the critical state
line. This critical state is associated with a critical effective confining pressure
Jor each rock. It appears that the dilation normally associated with the shear-
ing of non-planar joints and faults may be completely suppressed if the applied
stress reaches the level of the critical effective confining pressure.

The empirical laws of friction and fracture were developed during a review
of laboratory-scale testing on rock and rock joints. In Part 11 of this review
these laws are applied to the interpretation of full-scale features. The follow-
ing topics are investigated; the conjugate shear angle of shear joints and
Jaults, the scale effect on frictional strength, the lack of correlation between
stress drops measured in laboratory-scale faulting experiments and those
back-calculated from major earthquakes, the strength corrosion caused by
moisture, and finally the possible effect of fault dilation and water pressure
changes at shallow depth in the crust.

INTRODUCTION One of the most surprising conclusions arrived at
as a result of high pressure triaxial tests on intact rock
is the apparent lack of correlation between the fracture
strength of the intact rock and the frictional strength
of the resulting fault. Byerlee [2] has even gone so far
as to suggest that the frictional strength of faults devel-
oped through intact rock may be the same for all rocks,
independent of lithology.

At first sight there certainly appear to be reasonable
grounds for his suggestion. Figure | shows that the
peak shear strength of artificial faults (and tension frac-
tures) in a variety of rocks falls within a relatively nar-

As recently as ten years ago Brace & Byerlee [1] sug-
gested that the coefficient of friction relevant to a par-
ticular geologic situation could not be predicted to
within better than a factor of two. This pessimistic
observation is understandable when one considers the
great range of stress to which rock and rock joints
are subjected in the various engincering disciplines. In
many rock engineering problems, the maximum effec-
tive normal stress acting across those joints considered
critical for sl;abilily will lie in the range 0.1-2.0 MN/m?
T e Sl row zone when the eflective normal stress i ofthe same

9 3 , order or greater than the unconfined compression
?;i;g‘klzfg than: this.for exaniple: 1002000 MN/m strength of the rocks concerned. However, rock

mechanics experience under low effective normal stress
levels indicates that the shear strength of joints can
*Norwegian Geotechnical Institute, Oslo, Norway. vary within relatively wide limits as indicated in Fig. 2.
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Recent experiences with the (Q-system

of tunnel support design

NICK BARTON, PhD  Norwegian Geotechnical Institute, P.O. Box 40 — Taasen, Oslo 8 — Norway.

SUMMARY

The Q-system of rock mass classification and support
design s based on a numerical assessment of the rock
mass quality using six different parameters. The

six parameters consist of the RQD, the number of joint
sets, the roughness of the most unfavourable joint or
discontinuity, the degree of alteration or filling of
the most unfavourable joint or discontinuity, the
degree of water inflow, and the stress condition.
Another classification system, the Geomechanics
Classification (Bleniawski, 1973, 1974) is also based
on $ix parameters. Qunll!atwe differences between
the two methods are discussed.

The 200 case records that were analysed when
developing the Q-system, included more than 30 cases
of permanently unsupported openings. An amalysis of
the rock mass characteristics involved has shown that
certain characteristics are essential if an excavation
s to be left permanently unsupported. If the maximum
unsupported span for a given Q-value is exceeded, the
szfe life of the excavation may be shortened. A
preliminary attempt is made to correlate stand-up
time, rock mass quality Q, and span width,

The Q-system has been applied on several projects in
Scandinavia and abroad since its development in
1973/1974. An example of a recent application is
given in detail. The preliminary estimates of
permanent support for a 19 metres span underground
pover house were obtained from an analysis of
corelogs. In 2 subsequent site visit the Q-system was
applied in-gitw. The final estimates of permanent
support were found to compare well with the
preliminary estimates. Core logs, seismic profiles
and surface mapping were used as a basis for
preliminary design of permanent support for the

9 metres span tailrace tunnel, again using the
Q-system. This tunnel is presently under construction
so comparison of predicted and actual support is not
yet possible.

KEY WORDS

Rock mass, classification, tunnel, powerhouse,
support, borecore, case record.

INTRODUCTION

The six parameters chosen to describe the rock mass
quality Q are as follows:
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ROD = rock quality designation (Deere, 1963)

J, = joint set number

J, = joint roughness nunber

J5 = joint alteration number

J, = Joint water reduction factor

SRF = stress reduction factor
These parameters are combined in pairs and are found
to be crude measures of

1. relative block size (RODA )
2. inter-block shear strength (J,/J,) (3tan ¢)
3. active stress (-J JSRF)

T:e averaﬂ quality Q is equal to the product of the
4

0- (ROD/‘JH) - (309,) - (D J5RF) (1)

Thus, the following rock mess would be most favourable
for tunnel stability: high RQD-value, snall number of
Joint sets, appreciable joint roughness, minimal joint
alteration of filling, minimal water inflow, and
favourable stress levels.

Individual ratings of the six parameters have been
published previously, together with detailed support
tables from which estimates of appropriste permanent
support can be obtained. In view of the fact that no
changes have been found necessary, the support tables
are not repeated in this paper, and readers should
consult two earlier publications for such details
(Barton, Lien and Lunde 1974, 1975). However the
¢13ssification ratings are given here (see Appendix)
so that the following exampies of support prediction
and classification philosophy may be more easily
followed. These classification ratings are also
unchanged from the origina

COMPARISON WITH THE GEOMECHANICS
CLASSIFICATION SYSTEM

It is not the intention here to make a quantitative
comparison between the Q-system and Bienawski's
(1974) Geomechanics Classification since this is done
in the general review paper in this symposium.
However, certain qualitative differences can be
mentioned which serve as 2 useful basis for

The Shear Strength of Rock Joints in Theory and Practice
By
N. Barton and V. Choubey

With 20 Figures

(Received Ocrober 4, 1976)
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y — Zu g — Résumé

The Shear Strength of Rock Joints in Theory and Practice. The paper describes
an empirical law of friction for rock joints which can be used both for extrapolating
and predicting shear strength data. The equation is based on three index parameters;
the joint roughness coefficient JRC, the joint wall compressive strength JCS, and
the residual friction angle ¢;. All these index values can be measured in the laboratory.
They can also be measured in the field. Index tests and subsequent shear box tests
on more than 100 joint samples have demonstrated that ¢; can be estimated to
within +1° for any one of the cight rock types investigated. The mean value of
the peak shear strength angle (arctan 7/6a) for the same 100 joints was estimated
to within 1/2% The exceptionally close prediction of peak strength is made possible
by performing self-weight (low stress) sliding tests on blocks with throughgoing joints.
The total friction angle (arctan 7/ox) at which sliding occurs provides an estimate
of the joint roughness coefficient JRC. The latter is constant over a range of effective
normal stress of at least four orders of magnitude. However, it is found that both
JRC and JCS reduce with increasing joint length. Increasing the length of joint
therefore reduces not only the peak shear strength, but also the peak dilation angle
and the peak shear stiffness. These important scale effects can be predicred at a
fraction of the cost of perfo g large scale in situ direct shear rests,

Key Words: shear strength, joint, shear test, friction, compressive strength,
weathering, roughness, dilation, stiffness, scale effect, prediction.

Die Scherfestigkeit von Kluftflichen in Theorie und Praxis. Zur Ermittlung der
Reibungswerte in Kluftflichen wird ein empirisches Gesetz beschrieben, das sowohl
das Extrapolieren als auch das Voraussagen von Scherfestigkeitszahlen erméglicht.

Die Gleichung ist auf drei Indexzahlen gegriindet: Den Rauhigkeitskoeffizienten
der Kluft JRC (Joint Roughness Coeff.), die Druckfestigkeit des Felses der Kluft-
winde JCS (Joint Wall Compression Strength) und der residuelle Reibungswinkel
der Trennfliche ¢r.
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UNSUPPORTED UNDERGROUND OPENINGS

Niek Barton, Norges Geotekniske Institutt

SUMMARY

Underground openings can often be left permanently
unsupported. The decision of "support" versus "no-
support" depends on factors such as the rock mass
properties, the span width and the type ‘of excavation.
Since unsupported openings range in span from less
than 2 metres up to 100 metres, it is clearly the
rock mass properties that are-of prime importance.
The NGI "Q-system" of rock mass classification is
used to analyse published case records describing
unsupported spans, in an attempt to recognise those
rockmass properties which seem to be essential if an
opening is to be permanently safe, yet unsupported.
Among the essential properties the following were
noteworthy; there should not be more than three
joint sets, the joints should have some degree of
roughness or non-planarity, there should be no
alteration or clay filling of the joints, there
should be minimal or zero water inflow, and stress

levels should be medium.

but exceptions (i.e. RQD =

The RQD is usually high,
40) are sometimes found.

These published case records are supplemented with
rockmass descriptions and Q-classification of the
famous Carlsbad limestone caverns of New Mexico,
where natural spans ranglng from S0 to 100 metres
are found. The paper is concluded with a discussion
of stand-up times for unsupported openings.
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VERY LARGE SPAN OPENINGS AT SHALLOW DEPTH:
DEFORMATION MAGNITUDES FROM JOINTED MODELS
AND F.E. ANALYSIS

by Nick Barton and Harald Hansteen

Norwegian Geotechnical Institute, Oslo, Norway.

The deformations resulting from excavation of very large openings
are compared using two-dimensional F.E. continuum analyses and dis-
continuous physical models (20,000 discrete blocks). Both the joint

orientations and the model horizontal stress levels were varied. Some

models were dynamically loaded to simulate earthquakes (0.2-0.7 g).

Model deformations were recorded using photegrammetry. The changes in
deformation when increasing the simulated spans from 20 m to 50 m were

of particular interest. High horizental stress caused surface heave
when joint orientations were favourable for arch stability. Joint
orientations also determined whether the pillars between parallel
openings were in a state of compression or tension.

INTRODUCTION

The engineering performance of large rock caverns has traditidnally
been learned from mining and hydro power projects, where the depth be-

low surface is often many times greater than the span of the‘openings.
Deformations measured in the walls and roofs of hydro power caverns
generally range from about 5-50 mm, though there is a documented case
where a wall moved in 126 mm (1), and another where the arch moved
down 147 mm (2).

The chief ocbjectives of the present studies of large near-surface
openings were threefold:

(1) to provide deformation data to compare with monitored data from
planned engineering projects involving large span near-surface
excavations, e.g. underground sports complexes, civil defense
shelters, nuclear power stations,
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APPLICATION OF Q-SYSTEM IN DESIGN
DECISIONS CONCERNING DIMENSIONS
AND APPROPRIATE SUPPORT FOR
UNDERGROUND INSTALLATIONS

N. Barton, F. Leset, R. Lien and J. Lunde

Norwegian Geotechnical Institute, Oslo, Norway

ABSTRACT

Recent applications of the Q-system of rockmass classification are given. It is shown that
four potential storage sites with different rockmass conditions may have different optimal
cavern dimensions. Support costs may di 1y if ai ions are chosen
that are smaller or larger than the theoretical optimum of 18 to 24 metres span. The Q-system
is also used for mapping rockmass conditions during tunnel and cavern construction, to aid in
the choice of permanent support. Examples include 25 m’ and 167 m® headrace tunnels, and an
underground sewage treatment plant constructed in 1 km of caverns, 16 m in span. Mapping of
associated collector and outlet tunnels is also illustrated. The former is being excavated by
full-face tunnel boring machines. Finally it is shown how the Q-value can give a preliminary
estimate of the in gitu deformation modulus, and the range of likely deformations.

KEYWORDS

Rockmass classification, geological mapping, tunnels, caverns, support methods, support costs
safety, optimum di ions, ted , case histories, deformations, in situ
deformation moduli.

RESUME

L'article présente des applications récentes du systdme Q d la classification des massifs roch-
eux. Il est démontré qu'd quatre sites potentiels d'approvisionnement sous des conditions diff-
érentes de massif rocheux, les dimensions optimum des cavernes peuvent différer de fagon signi-
ficative. Le cofit des appuis peut devenir hors de proportions si le design fait appel & une en~
vergure plus grande ou plus petite que la dimension optimum théorique de 18 ou 24 mitres. Le
systéme Q est aussi utilisé dans la cartographie des conditions du massif rocheux pendant la
construction de tunnels et de cavernes, et peut ainsi aider au choix d'un appui permanent adé-
quat. Les exemples présentés incluent des tunnels d'amenée de 25 et 167 m® et une usine sout-
erraine de traitement des eaux de 16 metrds d'envergure et menée dans un kilométre de cavernes.
L'article illustre aussi la cartographie de tunnels collecteurs et de vidange. Le premier est
excavé au moyen de foreuses de tunnel (TBM) avec plein front de taille. Finalement il est dém-
ontré que la valeur Q peut donner une estimation préliminaire du module de déformation in situ
et de 1'ttendue probable des déformations.
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Discussion

Discussion of paper by J. Krahn and N. R. Morgenstern “The
ultimate frictional resistance of rock discontinuities™, Int. J.
Rack Mech. Min. Sci. & Geomech, Abstr. 16, 127133 (1979),

The authors [1] have observed that “two rock samples of the
same mineral composition and tested under the same stress
state will not have the same large strain shearing resistance if
the structure or roughness along the shearing surfaces is not
similar™. They therefore suggest the use of the term witimate
frictional resistance in place of the word residual. This termin-
ology was in fact also used some years ago by Krsmanovic [2],
who recognised the limits imposed by direct shear testing. He
also found that rough bedding planes in limestone were a long
way from their residual strength even after several centimeters
of shearing.

In the author’s tests [1] samples of natural discontinuities of
15¢m length (A = 225cm’®) were sheared about 2¢m (13% of
their length) before reversing. According to a typical shear
load-deformation record, shear resistance gradually reduced to
the end of these 4 cm of shearing. All their samples of natural
discontinuities were in limestone from Turtle Mountain. Yet
because of different roughness their bedding planes had ultimate
strength of 32°, while their smooth joints and flexural slip sur-
JSaces were down to 147 and 137 respectively.

There may in fact be additional reasons than initial roughness
for these differences. The state of weathering or joint wall hard-
ness was not described by the authors [1]. Different values of
JCS (joint wall compression strength) might possibly have been
discovered duc to the different geological histories of the
various discontinuitics. Barton & Choubey [3] have in fact
found that the residual friction angle (¢,) of a joint (the theoreti-
cal minimum, with all roughness worn away) is a function of
the relative swwengths of the joint wall material and the
stronger unweathered material in the interior of cach block.

B = {6y = 20°) + 20(r/R) (]

where
¢, = basic friction angle estimated from tilt (self weight) tesis
on dry unweathered sawn surfaces of the particular rock

R = Schmidt hammer rebound on the dry sawn surfaces
(unweathered)

Schmidt hammer rebound on the wet joint surfaces
(weathered)

r
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prototype (p) displacements and normal stresses are shown in
figure.

It is clear from the continuing dilation seen in the lower half
of the figure that at the end of the tests roughness is still con-
tributing to the shear strength. The authors would correctly
refer 1o this as the uitimate shear strength

The peak strength (z) is described by the following equation
ref. [31:

t = 0, tan [JRC logy (ICS/a) + ¢, &)
where

a, = effective normal stress
JRC = joint roughness coefficient (at peak)
JCS = joint wall compression strength (measured with a
Schmidt hammer ref, [3])

For the case of these rough model tension joints JRC = 200
and JCS = 0.4 MPa. The latter is the same as the unconfined
compression strength of the model material since there is no
weathering.

Equation 2 can be rearranged so that the roughnesss mobi-
lized at any displacement can be back-calculated:

arctanit, a,) = &,

IR mobiized, = 0 S

3

where 1, = shear strength mobilized at any displacement.

Equation 3 was evaluated at several points along each of the
shear force-displacement curves shown in Fig. 1. Data was then
normalized to the form JRCimobilized) JRC(peak) and
/8y (peak), where &, (peak) was the displacement required to
reach peak strength under the particular test. This dimension-
less data is shown in Fig, 2.

It can be shown that:

JRC(mobilized)  arctan(z.'c,) — ¢,

o @
JRClpeak) &~ o R

where ¢, = arctan (tpan/c.)

When JRCimob.) JRCipeak) = 0.5, the shear strength mobi-
lized is equal to §(¢, + ¢,). In other words shear strength is
midway between peak and residual. This point seems to occur
at approximately 10,(peak) for the case of the rough model
tension joints. (Smoother joints, or those under the influence of

Technical Note
Some Effects of Scale on the Shear Strength of Joints

NICK BARTON*
STAVROS BANDISt

In a recent article, Tse & Cruden [1] pointed owt that

In effect the spacing of cross-joints (or block size) is

fairly small errors in the jeint roug co-
efficient (JRC) when visually comparing joim profiles,
could result in serious errors in estimating the peak
shear strength (7) from equation (1) (Barton & Chou-
bey [2]). especially if the ratio JCS/a, was large.

t = g, 1an (JRC log, o JCS/a,) + &,) )
where

@, = effective normal stress
JCS = joint wall compression strength
@, = residual friction angle

They therefore recommended a numerical check of
the value of JRC, based on a detailed profiling and
analysis utilizing several of the mathematical tech-
niques for describing surface characteristics used in
mechanical engineering, to “avoid the subjectivity of
estimates of JRC by comparison with typical profiles.”

A key point of Barton & Choubey’s recommenda-
tions [2] was in fact that tifr or push tests (shear tests
under self-weight induced stresses) were a more reliable
method of estimating JRC than comparison with typi-
cal profiles. Surprisingly Tse & Cruden [1] did not
proceed to the important guestion of scale effect on
shear strength.

Scale effect on JRC

In practice it is found that JRC is only a constant for
a fixed joint length, Generally, longer profiles (of the
same joint) have lower JRC values. Consequently
longer samples tend to have lower peak shear strength,
as demonsirated conciusively by Prait e @l [3],

Barton & Choubey [2] suggested that the correct
size of joint for indexing (shear testing or surface analy-
sis) might as a first approximation be given by the
natural block size (specifically the spacing of cross-
Jjoinis). Rock masses with widely spaced joinis have less
freedom for block rotation than rock masses with small
block sizes, Smaller blocks have greater freedom 1o fol-
low and “feel’ the smaller scale and steeper asperities of
1he component joinis hence the higher JRC values. This
scale effect is illustrated in Fig. 1. (It is appreciated that
this freedom for individual rotation may be limited at
high stress levels),

* Norwegian Geotechrical Institute, PO, Box 40, Tausen. Oslo &
Norway and + Department of Earth Scicnces, University of Leeds

the ‘hinge” length in the rock mass, hence its
significance as a potential scale effect size limit

The above scale effect could presumably be simu-
lated by Tse & Cruden's [1] numerical analysis of sur-
face coordinates if larger “steps’ were taken when pro.
filing longer joints. This technique was used by Fecker
& Rengers [4] and Barton [5]. In effect, the larger steps
jump aver the smaller steep asperities, thereby sampling
only the longer and more gently inclined asperities
which seem to control full scale shear strength, cf. Pat-
ton [6]. The shear displacement required to mobilize
peak strength seems to be a measure of the distance the

JOINT Ak = BOINT BB

ey, = ey,

Fig. |, Scale effecs determined by block size. after Barton & Choubey
2.
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Experimental Studies of Scale Effects
on the Shear Behaviour of Rock Joints

S. BANDIS*
A. C. LUMSDEN*
N. R. BARTON{

The effect of scale on the shear behaviour of joints is studied by performing
direct shear tests on different sized replicas cast from various natural joint
surfaces. The resuits show significant scale effects on both the shear strength
and deformation characteristics. Scale effects are more pronounced in the case
of rough, undulating joint types, whereas they are virtually absent for planar
Jjoints. The key factor is the involvement of different asperity sizes in controll-
ing the peak behaviour of different lengths of joints. It is shown that as a
result both the joint roughness coefficient (JRC) and the joint compression
strength (JCS) reduce with increasing scale. The behaviour of multiple jointed
masyes with different joint spacings is also considered. It is found that despite
unchanged roughness, jointed masses consisting of many small blocks have
higher peak shear strength than jointed masses with larger joint spacing.
These scale effects are related 10 the changing stiffness of a rock mass as the
block size or joint spacing increases or decreases. Economic methods for
obtaining scale-free estimates of shear strength are described.

INTRODUCTION

The choice of an appropriate joint test-size during a
shear strength investigation is generally based on both
economic and technical considerations. The high cost
of large scale conventional shear tests often leads to the
relatively cheaper allernative of laboratory testing of
small joint samples. However, small sumples usually
represent only a fraction of the natural joint exposures
and such tests often yield unrepresentative data.
Schneider [1] notes the reluctance of practicing engin-
cers 1o apply friction values determined on ‘laboratory -
size samples, a situation that often leads to more or less
arbitrary reductions of friction angles (peak or residual)
by 1/3 10 1/2 of their measured value.

The potentiul influence of joint test-size on measure-
ments of shear strength has often been pointed out
[2 5]. However, few systematic studies of the scale
effect Liave been reported, und existing data from small
and large scale tests are extremely limited and often
inconclusive, One reason is that large in-sifu shear tests
are generally reserved for the most critical situations
such as infilled joints. shear zones etc, where scale
effects appear 1o be absent [3.6,7]. This is o be
expected in those cases with a thickness of infilling
larger than the roughness amplitude.

Comparisons of data from untilled joints present a

* Department of Furth Sciences, University of Leeds Teeds 152
9I1. England

+ Terra Tek, 420 Wakara Way, Salr Lake City. LT 54108, USA.
formerly Norwegian Geotecsnical Institute, Oslo,
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confusing picture because some tests indicate no scale
effect [8], whereas in other cases the scale effect is
either *positive’ [9] or ‘negative’ [10]. *Negative' scale
effects are often the result of dissimilar roughness on
the small and large joints. For instance, in the case of
Locher and Rieder's tests the laboratory samples were
described as smooth, whe the in-situ tested joints
had surfaces with of =2cm.
This could explain why the in-situ peak friction angle
was 5° higher than that measured in the laboratory.
Brown et al. |11] also found that the peak shear
strength of artificially parted cleavage planes in slate
increased as the sample arcas increased from 60 to
1000 em?. Those suthors noted that parting of the slate
blocks produced surfaces ‘stepping” from one cleavage
plane to another. As would be expected, this eflect
became more marked as the sample size increased and
produced ‘rougher” surfaces with higher strength,

Different sizes of joint samples with similar rough-
ness have shown *positive” scale effeets. A series of field
shear tests by Pratt et al. [9] on a range of joint sizes in
a weathered quartz diorite showed a 407 reduction in
peak shear strength as the sample areas increased from
140 to 5000 cm?. The family of shear stress (1) displace-
ment (d;) curves In Fig. 1 summarizes those experimen-
tal results. Barton & Choubey [12] measured tilt angles
of 59" during self-weight sliding tests on a 45cm long
joint in granite. When the same sample was subdivided
into eighteen blocks 10cm in length, an average angle
of 69” was obtained from a combination of tilt and
push tests.




SHEAR STRENGTH INVESTIGATIONS FOR SURFACE MINING
Nick Barton

Terra Tek, Inc.
Salt Lake City, Utah

ABSTRACT

Simple methods for estimating the shear strength of rock joints
and waste rock are reviewed. For the case of rock joints, the meth-
ods are based on a quantitative characterization of the joint rough-
ness and the joint wall strength. Size-effects are found to reduce
the peak stremgth of large joint samples to values below the ultimate
or so-called "residual" values measured in the laboratory. Tilt
tests and surface profiling on natural size blocks within the jointed
rock mass are recommended for obtaining scale-free properties. The
Jjoint parameters obtained can be used to model complete strength-dis-
placement-dilation behavior if this level of imput is required. Large
scale tilt tests can be performed with advantage om both rock joints
and waste rock. The behavior of these two materials is surprisingly
similar. Both are influenced by the size-effects on the compression
strength of the rock, and both have similar log-linear relationships
between effective nnrmal stress and the peak drained friction angles.
The resulting high values of friction near the toe or close to a
slope face in either material can be misleading.

INTRODUCTION

It is now known with reasonable certainty that tests on small
samples of rock produce artificially high values of strength. In the
past, arguments have been put forward to explain size-effects by
changed stress distributions, changed machine stiffness, ete. Such
arguments cannot be invoked to explain scale effects observed on
joints. 4 simple but convincing demonstratien is the tilt test.
Tilt angles measured during self-weight gravity sliding tests of a
large slab of jointed rock are found to be many degrees less than

171

1981

16374 JULY 1981 GT7

SHEAR STRENGTH OF ROCKFILL
By Nick Barton' and Bjérn Kjaernsli*

INTRODUCTION

An important quesuon wluch arises during stability analysis of rockfill dams
u the relative fricti of the rockfill and the underlying rock
interface. A to the shear strength of smooth, ice-
polished interfaces has led lo an examination of the related shear behavior
of rock Jomts. Itis found lhal rockfill, interfaces, and rock joints have several
1 dilatant behavior under low effective normal
stress, und significant crushmg of contact points with reduced dilation at high
stress. In each case failure is resisted by strongly stress dependent friction
angles. As an example, the peak drained friction angle ¢’ of rockfill near the
base of a high dam may be as low as 35° while close to the toe the same
rockfill might exhibit a value of &’ as high as 60°. Similar stress dependency
is observed with rock joints and interfaces.

In this article it is shown how the value of ¢’ for rockﬁll can be esumned
from knowledge of the following p (1) The uni
of the rock; (2) the d,, particle size; (3) the degree of plmclc ronndednesn
and (4) the porosity following compaction. The degree of particle roundedness
and the porosity de!emune the magnitude of the structural component of strength.
This shear resi in much the same way as ml.erlockmg
lspenues on a rough joint surface. The structural component of strength is
strongly stress dependent. It is added to the basic angle of friction &, of flat
nondilatant, i.e., sawn, surfaces of the rock to obtain ¢’.

The methods developed hem are of a simple practical nature, and allow a
dam desigr (oobuml li Yy oflhepeckdmnedfncuonmgle
of rockfill, whether it of 1 d rock, or well
fluvial gravels. Simple large sale tilt tests of in-place rockfill are suggested
for checking the shear h in different lifts of a dam, during construction.

'Sr. Staff Consultant, Terra Tek, 420 Wakara Way, Salt Lake City, Utah 84108; formerly
Sr. Engr., Dam and Rock Group, Norwegian Geotechnical Inst., Oslo, Norway.

*Chf. Engr., Dam and Rock Group, Norwegian Geotechnical Inst., Oslo, Norway.

Note.—Discussion open until December 1, 1981. To exteod the dosu-; dn: one momh
a written request must be filed with the M. of Te and
ASCE. Manuscript was submitted for review for ib blicati on D ber 11,
1980. This paper is part of the Journal of the G ical E
of the American Society of Civil Engineers, © ASCE, Vol. 107, No. 01‘! ]uly 1981.
ISSN 0093-6405 /81 /0007-0873 /$01.00.
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TERIZATION OF JOINT PERMEABILITY USING THE HEATED ELOCK TEST

By M. Voegele, E. Bardin, D. Lingle, M. Board N. Barton

Terra Tek, Inc., Salt Lake City, Utah

IRTRODUCTTON spoon et al, 197%a) have suggested that the cubic law

relating aperture and flow rate is valid even for

The isolation of nuclear waste in a mined rock rough fractures in intimate contact. Other authors

epository poses unique problems in site characteriza- (e.g. Kranz et al. (1979) and Walsh (1981)) have

ion. The ultimate barrier to radionuclide migration explained the measured flow reductions caused by

o the biosphere is the joints and major discontinui- tortuosity and roughness, by s modification to the law
ies that are pervasive at least to several kilometers of effective stress.

epth. Modelling Lhe potential effects of these joints
n near-field conditions requires that the thermal,
echanical and hydraulic properties of joints are ability has been suggested by Witherspoon et al.
aupled. Acquisition of joint data is sfore a (1979b). AL present, the dota base is Loo limited and
ding problem than at any previous time. diverse to make definite conclusions. It is often
unreasonable to try to compare the permeabilities of
Tunneling and mining experience, physical models rough, fresh artificial fractures (a typical test
Barton and Hansteen, 1979) and numerical models configuration) with westhered natural joints of dif-
Voegele 1978, Wahi et al. 1980) demonstrate Lhe ferent roughness, since the degree of aperture closure
seeibility of significant shear displacement along under a given stress level will vary in each case.
sints exposed by an excavation. This process is Recent wark (Barton, 1981a) suggests that scale depe
shanced by anisotropic stress distributiens, by tran- dent joint permeability will probably not be a signi-
ient thermal loading and by dynsmic loading from ficant factor under conditions of pure normal closure,
irthquakes. If the relevant joints are rough, with but will be observed when shearing occurs. This is
igh wall strength, stability will not mecessarily be due to the scale-dependent dilation that occurs when
:duced by the shearing process since roughness- joints of different length are sheared, as shown in a
iduced dilation will lock the joints in some finite major test program reported by Bandis (1980).
isplaced position. The only serious consequence of

is process is the joint aperture sirain. DPerme-

The possibility of a scale effect on joint perme-

HEATED BLOCK TEST

SOME SIZE DEPENDENT PROPERTIES OF JOINTS AND FAULTS
Nick Barton
Terra Tek, Inc., Salt Lake City, Utah 84108
Abstract. Marked strength-size effects are JRC, and Schmidt hammer rebound tests for JCS and

joi i i i i by Barton and Choubey
observed when joints are subjected to shear. This ¢_. Details are given
is due to the mobilization of larger, but less  (1977). When a joint is unweathered or the

d asperities as sample size is in- strength of a fresh fracture or laboratory

::::I::Z ‘“Tcl::nedupltcmnt uqu.:fa to mobilize "fault" is of interest, the value of the unrl:on-
strength is also increased by the changing size fined compression stren.gth (0.) is used in p;cf
of sample. These observed size effects indicate  of JCS. At extremely high normal stress, confin
that large scale tests should be performed to ing effects increase the valuc. of JCS to 0y - O3,
obtain realistic data concerning shear behavior, the differential stress. This form of equation
dilation, and associated permeability changes. fits high pressure triaxial strength data for
: "faults" extremely closely, as shown by Barton

Introduction (1976).

The anticipated scale dependency of JRC and
A simple empirical method of characterizing JCs deduced when analyzing 'luge scale shear
the shear behavior of rock joints was developed tests of joints in quartz diorite gl’mu, et al.,
some years ago. It consists of three components: 1974) has recently been confirmed in a Fom‘prehen-
JRC and JCS. A basic or residual friction sive series of tests reported by Blndx'n. et al.
aj éle (9, or ¢) for flat non-dilatent surfaces (1981). Figure 1 illustrates diagramatically how
in fresh’or wvebthered rock, respectively, forms  the dilation component (d ) and the strength
the limitirg value of shear strength. To this is component (S ) of asperities reduce with increas-
added a roizhness component (i). This is normal ing scale. “Both these components vary with the
stress depet dent and varies with the magnitude of values of JRC and JCS. 3
the joint will compressive strength (JCS), and Repeated tests on cast model geplncu of a
with the joiat roughness coefficient (JRC). The wide variety of joint surfaces indicate that JRC
latter varies from about 0 to 20 for smooth to and JCS reduce most strongly when joints are
very rough surfaces respectively, The peak rough. Planar joint surfaces exhibit only minor

y i 1t of this
drained angle of friction (¢') at any given scale dependent properties. As a resu i
ef:’ective :oml stress (o' ) is expressed as work it is now possible to predict the approxi-
follows: mate reduction of ¢' with increasing scale for a

wide variety of surfaces, by substituting scaled

dility may be enhanced around the repository and
1aft. According to the present studies a significant
tear displacement may be 2 little as 0.2 m.

Yodel studies of flow in a rough joint replica
reared at very low stress reported by Maini (1971),
idicated that joint permeability could increase as
ich as one order of magnitude in the first 2 om of
rear displacement, and a further one order of magni-
e in the next & mm of shear displacenent. Although
wese effects would be reduced at realistic levels of
yrmal stress, their influence could have important
ifluence on repository sealing requirements.

The effect of temperature on joint perseability has
it been an area of extensive resesrch, slthough this
ficiency is rapidly being adjusted. Tests by Nelson
975) on single fractures in sandstone subjected Lo a
datively low confining pressure (0.1 NPa) indicated
tial increases in permeability to 60°C, followed by
gnificant reductions when increasing the temperature
irther to 100°C. In-situ tests conducted in Strips
anite by Lundstrdn and Stille (1978) using water
mperatures of 10°C and 35°C indicated a 50% reduc-
on in joint permeability, despite the reduced vis-
sity of vater at the higher tesperature, Unfortun-
#lv thers wae na rannline af 9 = e
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(NB was sole author, but listedithors from TerraTek di(
all blocktest preparationand most of the in sittesting)

The pressing need for large scale coupled thermo-
mechanical-hydraulic test data prompted Terra Tek's
current 8 n® block test, performed under contract with
the Office of Nuclear Weste Isolation. The site is
located in gneiss, about 150 metres underground in a
test adit in the Colorado School of Mines experimental
nine in Idaho Springs.

The 2x2x2 metres block is located in the floor of
the test adit. Loading is applied on four vertical
sides with flatjacks. The base is attached to the
surrounding rock mass. The vertical sides of the
specimen were formed by line drilling. The extreme
hardness of the quartz lenses in the gneiss caused
unexpected difficulties with hole alignment, and
diamond coring of the slots was required.

The surface of the block is instrumented with some
30 pairs of Whittemore bolts for recording strain
and/or displacement across joints, four Irad strain
metres, and five surface strain gauge roseites.
Deformation occurring across the block as a whole is
registered with horizontal DCDT rod extensometers.
Deformations within the block are monitored with MPBX
borehole extensometers. Stress levels are monitered

' =9, + i = JRC log(JCS/a" ) + 0, m

Each parameter van be quantified by sisple index
tests: tilt or self-weight sliding tests for

values of JRC and JCS in equation 1. Tentative
application of scaled values of JRC and JCS to
fault-size surfaces indicate that even a rough,
jagged failure surface (i.e. a recent fault) may

G=sse
=

~SHEAR STRESS —

]2 |3 4

ROUGHNESS
COMPONENT

RESISTANCE

SHEAR DISPLACEMENT

Figure 1. Scale dependent properties of rock joints, after Bandis et al. 1981,
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ROCK MASS CHARACTERIZATION METHODS
FOR NUCLEAR WASTE REPOSITORIES IN JOINTED ROCK

Gebirgsklassifikationen fiir Lagerstatten von radioaktiven Stoffen in gekliiftetem Fels
Méthodes de classification des massifs rocheux pour le dépét des déchets nucléaires
dans les roches a diaclases

NICK BARTON & RICHARD LINGLE
Terra Tek Inc., Salt Lake City, Utah, USA

SUMMARY :

The planned isolation of nuclear waste in mined rock repositories poses unusual require-
ments for rock mass characterization. This paper describes recently developed block test
methods for characterizing and quantifying the thermal, mechanical and hydraulic grcper-
ties of rock masses. The heated block test, recently conducted in situ on an 8m® block
of jointed gneiss, provides normal stress and temperature-dependent data such as defor-
mation modulus, joint stiffness, joint bility, thermal i thermal conduc-
tivity and dynamic elastic modulus. Simpler tests conducted on singly jointed blocks or
on jointed drill core provide joint roughness data. This is incorporated in recently
déveloped constitutive models which describe the coupling of normal displacement, shear
displacement, shear strength, dilation and permeability.

ZUSAMMENFASSUNG :

Die geplante Isolierung von radioaktivem Abfall in abgebauten Gesteinsabfillen stellt
ungewshnliche an Fel ichnung Dieser Bericht beschreibt
kiirzlich ickelte Bl zur Kennzeichnung und quantitativen Bestimmung

der Wirmeeigenschaften und der mechanischen und hydraulischen Eigenschaften der Fels-
masse. Der HeiBblocktest, der kiirzlich "in-situ" auf einem 8m® groBen Block von gek-
liiftetem Gneis durchgefiihrt wurde, gibt normale Spannungs- und Temperaturabhingigkeits~
werte wie Verzerrungsmodul, Verbindungssteifigkeit, Verbindungsdurchléssigkeit, Wirme:
usdehnung, Wirmeleitfihigkeit und Dynamik elastizitdtsmodul. Einfachere Messungen, die
an einzeln gekliifteten Blcoks oder an gekliifteten Bohrkernen vorgenommen wurden, geben
Kluftrauhigkeitswerte an. Diese sind miteingeschlossen in kiirzlich entwickelte zusam=-
menfassende Modelle, die die Kupplung normaler Verlagerung, Scherverlagerung, Scher-
festigkeit, Dehnung und Durchléssigkeit beschreiben.

RESUME :

L'isolation projetée des déchets nucléaires dans des dépdts de roche extraites présente
des exigences peu commune pour la caractérisation de la masse de roche. Cette étude
décrit les des, ré dével , des essais des blocs pour caractériser et
pour quantifier les propriétés thermiques, méchaniques et hydrauliques des masses de
roche. L'essai du bloc chaud, récemment conduit in situ sur un bloc de gneiss jointé
(de 8m3) fournit 1'indication normale qui dépend de la force et de la température par
exemple, le coéfficient de la déformation, la dureté de la jointure, la perméabilité de
la jointure, 1'expansion thermique, la conductivité thermique et le coéfficient dynam-
ique et élastique. Des essais plus simples qu'on a conduits sur des blocs individuelle-
ment jointés ou sur le centre jointé d'un trepan fournissent les indications de la
rugosité des jointures. Tout ga est incorporé dans des modtles de base, récemment dé-
veloppés, qui décrivent le couplage du déplacement normal, du déplacement du cisaille-
ment, de la force du cisaillement, de la dilation et de la perméabilité.
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EFFECTS OF BLOCK SIZE ON THE
SHEAR BEHAVIOR OF JOINTED ROCK

Nick Barton and Stavros Bandis

Geomechanics Division, Terra Tek, Inc.
Salt Lake City, Utah

Consultant
Thessaloniki, Greece

ABSTRACT

The descriptive term "rock mass" encompasses individual block di-
nensions ranging from centimeters to many tens of meters. Strength
and deformability vary both qualitatively and quantitatively as a
result of this size range. A key issue is therefore the appropriate
size of the test sample. A large body of test data was reviewed to
determine the influence of block size on the displacement required to
mobilize peak strength. It is shown that the shear strength and shear
stiffness reduce with increased block size due to reduced effective
joint roughness, and due te reduced asperity strength. Both are a
function of the delayed mobilization of roughness with increasing
block size. A method of scaling shear strength and shear displacement
from laboratory to in situ block sizes is suggested. It is based on
the assumption that size effects disappear when the natural block size
is exceeded. This simplification appears to be justified over a sig-
nificant range of block sizes, but is invalidated when shearing along
individual joints is replaced by rotatiomal or kink-band deformation,
as seen in more heavily jointed rock masses. Recent laboratory tests
on model block assemblies illustrate some Important effects of block
size on deformability and Poisson's ratio.

INTRODUCTION

The wide range of natural block sizes found in nature has a strong
and obvious influence on the morphology of a landscape. The contrast
in natural slope angles and slope heights sustained by a ravelling
"sugar cube" gquartzite and a menolithic body of granite suggests that
block size may be a controlling factor when compressive strength and
slake durability are high in @ach case. In a tunnel, the contrast in
behavior may produce more than an order of magnitude change in costs
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INSTRUMENTATION AND ANALYSIS OF A
DEEP SHAFT IN QUARTZITE

MICK BARTOM
KEOSROW BAKHTAR
Terra Tok Engineering
salt Lake City, UT 84108

TNTRODUCTTON anisotropic concrete Tliner stre The
principal stress diroction trends NW-SE, paral-
Hecla Mining Company is further developing lel to the steeply dipping bedding jeints at
its Tucky Friday Mine in Tdaho with the con- this level,
struction of a 6000 fL deep shaft. 8
Redpath Corporation has sunk Lae sh ’ TNSTRUMENT INSTALLATION SEQUENCE
record rates, achieving 473 ft of ad
one month, early in 1981. The concrete lincd Figures 1 and 2 illustrale the installa-
18 ft diameter shafl is the first circular tion sequence followed for the 5191 ft level
shaft ever sunk in nearly 100 years of mining The three fifty loot long HPB exlensomelers
in the Coeur d'Alene district, where rectangu- were installed close te the face, with the
lar, vertical or inclined timbered access ways instrument heads protected by dog-hole recesses
bave heen the rule. The shaft sinking then continued while continu-

ously monitoriug Lhe Lhree MPBX instruments,
It is generally assumed that geological which had grouted anchors at radial depths of
structure controls rock displacement near the 50, 30, 15, 10, 5 and 3 feet. When the base of
surface, while high stress levels dowminale the shaft was some 23 feet helow the extensom-
behzvior at depth However, even at the 5191 eters following five bench blasts, the kerb
ft level, the mazked bedding joints in the ring shuttering was lowered ready for the kerh
quartzite were found to inate behavior, ring pour (sce Figurc 2). Comcrete pr
cansing distinctly anisotropic and nom-elastic cells (P.C.) and strain gages
deformation of the rock, and correspondingly installed in this pour at the locations shown

in section in Figure 3.
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Bolt design based on shear strength

NICK BARTON & KHOSROW BAKHTAR
Terra Tek Engineering, Salt Lake City, Utah, USA

ABSTRACT: Laboratory tests for determining the shear strength of bolted rock joints
indicate that peak values of strength are developed when a grouted bolt is installed at
an angle of about 35-50° to the plane of the joint. This range of angles generally
corresponds to the peak, post-peak, or pre-residual region of behavior. Solution of
practical problems, such as the bolting of unstable slopes or of major wedges in under-
ground caverns, indicates that minimum bolt capacities are required when the bolt is
angled perpendicular to the frictional resultant, corresponding to the arctangent of
(/0 ) relative to the joint, as above. Methods are described for generating appropri-
ate shear force-displacement curves for rock joints so that a bolt of a given stiffness
can be installed at the appropriate angle of mobilized friction. Bolts of lower stiff-
ness require smaller installation angles and correspondingly increased capacity. The
use of bolts of lower stiffness, for example partly grouted bolts, may be justified if
displacements are irresistable, or if other components of support are of reduced stiff-
ness. Bolt design should always be compatible with the expected deformation.

1 INTRODUCTION tion. The frequent need for careful
characterization of the joints is appar-
The correct design of rock bolt reinforce- ent.

ment is dependent on compatible strength-
deformation properties of both the rock
mass and the rock bolts. It is as easy to 2 REVIEW OF LABORATORY TEST DATA
design a rock bolt system that is too

stiff for the rock mass as it is to design
a system that allows the rock to strain
soften, thereby losing the interactive
capacity of the reinforced system. Timing
of support installation is of importance
both for rock slope reinforcement and for
tunnels. If fully grouted bolts are
installed before any shear stresses are
developed, the high stiffness of the bolts
at each "joint-crossing" will cause the
bolts to be subjected to the full excava-
tion-induced shear stress, with little if
any assistance from the inherent strength
of the joints. The difficult-to-achieve
ideal is the bolt that reaches yield just

Laboratory tests for determining the shear
strength of bolted rock joints indicate
that peak values of strength are developed
when a grouted bolt is installed at an
angle of about 35-50° to the plane of the
joint. Test results for 450 mm (17.7
inches) long jointed blocks reported by
Bjurstrém (1974) are reproduced in Figure
1. The most significant result is the
existence of an optimum installation
angle. Also of interest are the dowel and
tensile components of strength and the
added shear strength due to a normal
stress increment caused by the inherent
resistance of the bolt to dilation.

Effects of Rock Mass Deformation on
Tunnel Performance in Seismic Regions

Nick Barton

Résumé — On a observé que les mouvements sismiques augmentent I'ecoulement de Ieau dans les

Equipements soutcrrains. L'augmentation apparente de la perméabilité de I'ensemble est

problablement causéc par les glissements localisés des joints; glisements qui résulteraient en des

changements, petits mais irréversibles, dans I'ouverture de ces joints. De iels changements peuvent
ot i

d hod

. On décrit

I . pour
et pour prévoir les supports nécessaires, Une auention particuliére est portée 3 ba relation entre ke

glissement des joints I'un sur "autre et le

sur I'agencement optimum pour les boulons flexibles wiilisés pour renforeer le tunnel

1. Introduction

Underground  structures have a
consistent record of suffering much
less damage than surface facilities
during earthquakes. Generally only
portal areas or fault crossings have
suffered severe damage. In the case of
portals, the combination of poor
ground, stiff linings and amplified
near surface shaking, make carth-
quake resistant design very difficult
In the case of fault crossings,
associated block motion may be
irresistable by any method of support
or rock mass reinforcement.

The reduced intensity of shaking
experienced at depth and in more
competent rock masses, appear to
limit damage to occasional rock
drops and to cracking of linings.
These events may be the result of out-
of-phase high frequency shaking,
reactivation of joint slip, or positive
or negative stress changes adversely
affecting cxisting high or low stress
conditions.

In cach of these cases the net result
may be partially irreversible strain,
due to the hysteretic behaviour of
jointed rock masses. As suggested
above, the impact on stability may be
minimal, but the secondary effect on
coupled processes such as water
inflow or leakage may be marked.

can cause radical changes in conduc-
tivity.

The present international interest
in geological disposal of high level
nuclear waste has focussed particular
attention on transport velocities
through jointed media. Sinee migra-
tion of radionuclides via ground
water flow is the only conceivable
mechanism  for release to the
biosphere, any events that could
cause radical changes in flow velo-
cities are of potential concern.
Reports describing mine flooding
and cracking of linings as a result of
earthquakes are indications of a
potential problem that may have
increased impact on design in the
future.

1.1 Influence of deprh

There are several reasons why
carthquakes generally result in less
damage underground than at the
surface. The predominant surface
(Rayleigh) waves decay almost
exponentially with depth, and below
the surface incident and reflected
waves interfere so that the total
amplitude is usually reduced. A
general tendency for increasing
modulus with depth, small excava-
tion dimensions relative to the

i wavelengths, and the

Iy minor joint di: ents

Present address: Dam, Roek and Avalanche
Division, Nerwegian Geotechnical Institute,
P.0. Box 40, Taasen. 0501 Oslo 8. Narnay

general wave de-amplification with
depth all contribute to the reduced
damage.

Kanai and Tanaka [1] measured
ratios of surface displacement to
displacement at 300 m depth as high

as 6 in the Hatachi copper mine, and
up to 10 when surface data from an
alluvium site was included. Similar
trends are also indicated when
monitoring the effects of under-
ground nuclear explosions. Vortman
and Long [2] showed mean peak
vectors of aceeleration, velocity and
displacement that ranged in general
from 2.5 to 1.9 times larger at the
surface than at 500-m depth.

The relative mismatch of wave-
lengths and most tunnel dimensions
suggests that relative strain between
rock blocks can only occur with
higher frequency waves, when out-
of-phase motion is possible across
the structure, Dowding [3] suggested
that large accelerations at fre-
quencies in the range 30-60 Hz are
probably most capable of causing
differential block motion and result-
ing damage in large excavations.

The location of large caverns at
shallow depth may be particularly
adverse in terms of seismic design.
Stevens [4] refers to the case of a large
near-surface stope 45m below the
surface at the Tombstone mine in
Arizona, which suffered considerable
loosening and rockfalls from the
hanging wall during the severe
jolting, which was witnessed by mine
surveyors.

Although many references are
made to more damaging effects of
shaking at the surface than at depth
in the same mines, there are a limited
number of cases in which this trend is
reversed, with larger displacements
observed at depth than at the surface
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Chapter 48

LARGE SCALE STATIC AND DYNAMIC FRICTION EXPERIMENTS
by Khosrow Bakhtar and Nick Barton

Senior Engineer, Terra Tek Engineering
Salt Lake City, Utah

Director of Geomechanics, Terra Tek Engineering
Salt Lake City, Utah

ABSTRACT

A series of nineteen shear tests were performed on fractures 1
m? in area, generated in blocks of sandstone, granite, tuff, hydro-
stone and concrete. The tests were conducted under quasi-static and
dynamic loading conditions. A vertical stress assisted fracturing
technique was developed to create the fractures through the large
test blocks. Prior to testing, the fractured surface of each block
was characterized using the Barton JRC-JCS concept. The results of
characterization were used to generate the peak strength envelope for
each fractured surface. Attempts were made to model the stress path
based on the classical transformation equations which assumes a
theoretical plane, elastic isotropic properties, and therefore no
slip. However, this approach gave rise to a stress path passing
above the strength envelope which is clearly unacceptable. The
results of the experimental investigations indicated that actual
stress path is affected by the dilatancy due to fracture roughness,
as well as by the side friction imposed by the boundary conditions.
By introducing the corrections due to the dilation and boundary
conditions into the stress transformation equation, the fully cor-
rected stress paths for predicting the strength of fractured blocks
were obtained.

INTRODUCTION

An experimental test program was devised to study the shear
strength of vock joints. The large size of the samples (1 m?) was
designed to extend the data base beyond the usunal limitations of
laboratory test equipment. Attempts were also made to compare the
shear strength under pseudo static and dynamic rates of shear. The
tests were performed on large fractured blocks of sandstone, tuff,
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AWALYSER OG FORSOK FOR BELYSNING AV SETNINGER PA EKOFISK

NUMERICAL ANALYSES AND LABORATORY TESTS TO INVESTIGATE THE
EKOFISK SUBSIDENCE

Avdelinasleder Nick Barton*, Linda Hirvik*, Mark
Christianson#, Dr. Stavros Bandis##, Axel Makurat*,
Panayiotis Chryssanthakis og Gunnar Vik*

* MNorwegian Geotechnical Institute, Oslo
¢ Ttasca Inc. Minnesota (NGI guest researcher, 1985)
4+ NTNF stipend (NGI post doctoral fellow)

SUMMARY

The Ekofisk subsidence is influencing 150 km' of the seabed
sediments in the Worth Sea. Nearly 3 meters of subsidence
at a present yearly rate of 40 to 45 cm/year has set in
motion several studies of the phenomenon. NGI, under
contract with the Norwegian Petroleum Directorate, has uti-
lized advanced non-linear finite element and discrete ele-
ment methods to investigate various compaction processes in
the 300 meter thick chalk reservoir located 3 km beneath the
seabed. These detailed calculations were used as a displa-
cement boundary condition for large-scale continuum and
disgcontinuum analyses (with bedding planes and faults) in
order to investigate the extent and size of the subsidence.
Detailed laboratory tests were performed on the reservoir
joints, to measure their shear strength, stiffness and con-
ductivity to hot (809C) Ekofisk oil. These tests provided
the input data for special numerical modelling of the defor-
mation and permeability changes that can be caused by a
large reduction in reservoir pore pressure in a jointed,
deformable and permeable reservoir rock subjected to one-
dimensional strain. An interesting and guite unexpected
type of behaviour was discovered during these discontinuum
analyses, which can have an important influence on future
productivity in the reservoir.
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Strength, Deformation and Conductivity
Coupling of Rock Joints

N. BARTON*
S. BANDISt
K. BAKHTAR?

iter-bearing rock causes

e stress. Joint

Construction of dams. tunnels and slopes in jointed

complex interactions between joint deformation and effec

deformation can take the form of normal closure. opening, shear and dilation.
The resulting changes of aperture can cause as much as three orders of
magnitude change in conducticity at maderate compressive stress levels. Even
the heavily stressed joints found in oil and gas reservoirs may also exhibit
significant ~ stress-dependent  conductivity during depletion. and during
waterflood treatments. The magnitudes of the above processes are often
strongly dependent on both the character and frequency of jointing

f research on jo
del. Methods of
essary input data, The model

In this paper the results of many years «
synthesized in a coupled joint behaviour
ization are described for obiaining the
simulates stress- and size-dependent coupling of shear stress, displacement.
dilation and conductivity, and of normal stress, closure and conductivity. These
processes are the fundamental building blocks of rock mass behaviour. Model
simulations are compared with experimental behatiour and numerous examples

properties are

nt character-

are given.

INTRODUCTION

The strength and deformability of rock joints have been
the subjects of numerous investigations, both for dam
sites and for major rock slopes. Extensive reviews of
such tests have been given by Link [1), Goodman [2]
Cundall et al. [3), Bandis [4] and Barton and Bakhtar 3]
It has now been established beyond reasonable doubt
that both the shear strength and deformability of rock
joints are size-dependent parameters. See for example
Pratt er al. [6], Barton and Choubey [7) and Bandis ef .
[8). The size dependence and general behaviour are
governed to a large extent by surface characteristics such
as roughness and wall strength, and by block size [9]. At
the moderate stress levels of interest in civil engincering
and in surface mining, differences in behaviour between
rock types may therefore be marked. At very high stress
levels, differences between rock types tend to be masked
due to the extensive surface damage. See for example
Barton [10] and Byerlee [11]

Basic elements of joint strength and deformability
summarized in Figs | and 2. In simplified terms. the
stress-deformation behaviour of rock joints is convex-

are
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shaped with shear loading (8. and concave-shaped with
normal loading [12)

In a typical rock mass deformation test (i.c. a plate
load test), the predominance of nor
usually result in concave load-de!

mal joint closure will
rmation behaviour
NTS block test in

[13). On occasions, such as in

Hanford basalt. [14], the shear components acting on
hexagonal columnar jointing may be sufficiently strong
to linearize the load-deformation behaviour, In effect
the convex and concave behaviours shown in Figs 1 and

2 are of roughly equal magnitude and cancel one an-

other

PART I —CHARACTERIZATION

Jo

Evidence tha
surface characteristics such as roughness and wall
strength can be deduced in part from the early work of
Coulomb [15]. Direct physical evidence for the influence

Surface Characterization

rock joint properties are dependent on

of surf: int properties were ned by Jacger [16)
Patton [17). Rengers [18] and Barton [19]. Methods of
quantifying roughness and wall st h and utilizing
them in shear strength relations developed by
Barton and Choubey [7). These methods were recently

n his de
th. As a
shear stren

applied by Bandis (4
deformability and str
now possible to predic
haviour and normal stress-closure beha

our with ac-

Nick Barton

Gunnar Vik

Per Magnus Johansen
Axel Makurat

ABSTRACT

ROCK MECHANICS INVESTIGATIONS
FOR UNLINED PRESSURE TUNNELS
AND AIR CUSHION SURGE CHAMBERS

Norwegian 0Oslo
Geotechnical Norway
Institute

(NGI)

NGI's investigations for unlined excavations designed for high
internal pressures include geoclogical mapping, rock mass classifi-
cation, minifrac rock stress measurements and joint permeability
measurements. In special cases numerical modelling may be per-
formed, using the discrete element code UDEC and the Barton-Bandis
joint sub-routine which allows joint conducting apertures to be
tracked. Conducting apertures are affected by effective stress
levels, shear, dilation and possible gouge production. Each of
these effects can be measured on large diameter jointed drill core
in a special biaxial deformation-flow apparatus. Practical
problems caused by leakage at the transition from the unlined
pressure tunnel to the steel lined section are addressed. A water
curtain solution to leakages from air cushion surge chambers is
described, using an operating example.

INTRODUCT ION

A convenient starting point for a discussion of internal pressure

effects on unlined rock excavations is the minifrac test. Four

possible scenarios can be envisaged in such a test. These are

illustrated in Pigure 1.

The four behaviour modes illustrated may

occur in minifrac tests conducted from boreholes in heavily jointed

rock; clearly an unfavourable starting point for such tests.

By changing the scale of the diagram, we can envisage an urlined

pressure tunnel in a guite massive rock mass with two sets of

widely spaced joints,

Hydraulic joint jacking (A), hydraulic frac-

turing (B), hydraulic shearing (C), or combined modes (D) are each
possible depending on the magnitude of the following factors:
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Deformation phenomena in jointed rock*

N. R, BARTON#

ole of rock joints in rock mass deformation phe-
nomena is described. Individually, joints display
concave-shaped  stress—closure curves under normal
loading and convex-shaped stress-displacement curves
under shear, usually accompanied by dilation. The
deformation behaviour of rock masses depends on the
relative magnitudes of these components of closure,
shear and dilation, The deformation of w rock mass
may resull in dramatic changes in the joint apertures
and condutivitics. Converscly, changes in joini water
pressure cause changes in joint aperture which affect
the overall deformation of the rock mass, Examples of
compaction in jointed reservoirs and leakage pheno-
mena in pressure tunncls are cited, cach of which may
be caused by changes in effective stress. The presence of
rock joints is seen 1o affect stress slabbing phenomena
in wnnels and is the suspected cause of depth-
dependent contrasts of siress in sedimentary rocks. The
phenomenon of hydraulic shearing of joints is discussed
with particular reference to geothermal reservoir stimu-
lation. Shearing is also the suspected mechanism in
cases of mine flooding, following scismic loading. A
methed of modelling this dilation—conductivity coup-
ling is presented. The Paper concludes by analysing the
rol¢ of jeint dilatien in stress transformations and in
the behaviour of underground openings. Rock masses
have greater resistance 10 shear than predicied owing 1o
non-coaxial stress and strain components, The shear
strength and both the shear and normal stress com-
ponents are affecied by dilation.

Lrarticle décrit be rdle jou par les joints des roches dans
les phénoménes de déformation en masse des roches.
Individuellement les joints menirent des courbes de
contrainte-fermeture concaves sous des charges nor-
males et des courbes de contrainte-déplacement con-
vexes sous be cisai éné pagné
de dilatance. Le comportement de déformation des
masses rocheuses dépend des valeurs relatives de la fer-
meture, du cisaillement €1 de la dilatance. La déforma-

pni contrainte dans les tunnels et représente la cause

présumée des de en p
dans les roches sédimentaires, On discute le phénoméne
du cisaill i plus particulié eu

égard 4@ la sumulation géothermique des réservoirs. Le
cisaillement est aussi la cause présumée de cas
d'inendation de mines 4 la suite de chargements sis-
migues, Aprés avoir présenté une méthode pour model-
iser cetle combinaison de dilatance et de conductibilie
I"article conclut par l'analyse de role jowé par la dila-
tation des joints dans les transformations de contrainte
el awssi dans be comportement des ouvertures souter-
raines. Les masses rocheuses ont une résistance au cis-
afllement supéricure & la valeur prédite, & cause des
composantes non-coaxiales de déformation et de con-
trainte. La dilatance affecte & la fois la résistance au

i o les I de cisai o de
contrainte normale.

KEYWORDS: constitutive relations; deformation;
pore  pressures; rock  mechanics; shear  stremgth;
tunnels,

NOTATION
d, dilation angle
e theoretical smooth wall conducting aper-
ture of a joint
E  physical aperture of a joint
€ initial conducting aperture of a joint under
nominally zero stress
E, initial physical aperture of a joint under
nominally zero stress
Ae  change in conducting aperture
AE  change in physical aperture
JCS  joint wall compression strength
JRC  joint roughness coefTicient
& joint conductivity, e?/12
L, in situ block size (equal to the spacing of

|ilon d'une  massc rocheuse peut  produire  des cross-joints)
2 dang Jea ou e joints M deformation modulus

ct dans les conductibilités, Réciproquement, des 5 dexisiy
h s 1 i & joi J 4 .
L ‘"Dcmm‘ds:"f N pm"u"‘lf:‘ ‘I:::Sd“"’ = W’Q“; & shear displacement along a joint
provoq : g
affectent la déformation totale de la masse rocheuse.  Opeas  Shear displacement at peak shear strength
Learticle mentionne des exemples de compactage dans 7, minor or intermediate horizontal principal
des réservoirs jointoyés et des phénoménes de Tuite dans stress
des tunnels de pression. Chacun de oes exemples ayant oy major horizontal principal stress
pu étre causé par des changements dans les contraintes @, normal stress
cfectives. On observe que la présence de joints dans les @, vertical principal stress
roches affecte les phénoménes de formation de dalles r shear stress

¢y, basic friction angle (unweathered rock
* 8th Lauwrits Bjerrum Memorial Lecture. surface)
t Norwegian Geotechnical Institute, Oslo. &, peak friction angle
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