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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
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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)

[ f.

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
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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 desi, (oobuml 1i 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.
oupled.  Acquisition of joint data is efore a (1979b). At present, the data base is teo 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 weathered natural jm'm of dif-
Voegele 1978, Wahi et al. 1980) demonstrate Lhe ferent roughness, since the degree of aperture closure
sseibility of significant shear displacement along under & given stress level will vary in each case.
»ints exposed by an excavation. This process is Recent work (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 dynemic 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 necessarily be due to the scale-dependent dilation Lhat 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
s process is the joint aperture strain. Perme- HEATED BLOCK TEST

The possibility of a scale effect on joint perme-

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

1981

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,

(NB was sole author, but listed authors from TerraTek did
all block-test preparation, and most of the in situ testing).
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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
(t/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 'agencement optimum pour les boulons flexibles utilisés pour renforcer Ie 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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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 Ekefisk 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 phenomencn. 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}

Construction of dams. tunnels and slopes in jointed. wan

r-bearing rock causes

complex interactions between joini deformation and effective stress. Joint

deformation can 1ake 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 conductivity at moderate 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
food

The of the abo

strongly dependent on both the character and frequ

processes are often

ey of jointing

In this paper the results of many years of research on joint properties are

synthesized in a coupled joint behaviour m
ization are described for obiaining the
and size

simulates stress-

Methods of joint character-
ssary input data. The model
lependent coupling of shear stress. displ

ement,

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 behaviour and numerous examples

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 [S]
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 et al. [6], Barton and Choubey {7) and Bandis et al.
[8]. The size dependence and general behaviour are
governed 1o 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 engineering
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 1o the extensive surface damage. See for example
Barton [10] and Byerlee [11]

Basic elements of joint strength and deformability arc
summarized in Figs 1 and 2. In simplified terms, the
stress-deformation behaviour of rock joints is convex-

* Head—Dam, Rock and Avalanche Division, Norwegian Geo-
techmical Institute, P.O. Box 40, Tisen, 0801 Oslo 5. Norway

tRock Engineer—1, Kalavriton Street, 551 33 Kalamaria, Thessa
loniki, Greece. (1985 Research Fellow, NGI, Oslo. Norway.)

tManager—Applied Mechanics Group. Terra Tek Inc., 420
Wakara Way. Salt Lake City, UT 84108, US.A
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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 normal joint closure will
usually result in concave load-deformation behaviour
{13). On occasions, such as in the NTS block test 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

Joint Surface Characterization
Evidence that rock joint propertics are dependent on
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
of surface joint properties were obtained by Jacger [16],
Patton [17]). Rengers [18] and Barton [19]° Methods of
quantifying roughness and wall st
them in shear strength relations w
Barton and Choube!

and utilizing
eveloped by
These methods were recently
plied by Bandis (4 iled studies of joint
deformability and strength. As a result of this work it is
now possible to predict shear strength-deformation be-
haviour and normal stress-closure behaviour with ac-

n his de

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

Nick Barton Norwegian 0slo
Gunnar Vik Geotechnical Norway
Per Magnus Johansen Institute

Axel Makurat (NGI)

ABSTRACT

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 Figure 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 magnitudé of the following factors:
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Deformation phenomena in jointed rock*

N. R, BARTON#

The role 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 stress in sedi v rocks. The

pCll contrainte dans les tunnels et rcpm:semc la cause

présumée des de en p
dans les roches sédimentaires, On discute I= phenomme
du cisaill i plus parti eu

égard 4 la stimulation gcoll\:nmquc 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 cette combinaison de dilasance et de conductibilité
I"article conclut par l'analyse de role jowé par la dila-
tation des joints dans les wransformations de contrainte
el awssi dans be comportement des ouvertures souter-
raines. Les masses rocheuses ont une résistance au cis-
aillement supérieure & la valeur prédite, & cause des
composantes non-coaxiales de déformation et de con-
trainte. La dilatance affecie & la fols la risistance au

et les isail el de

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
method 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.
Individucllement les joints monirent des courbes de
contrainte-fermeture concaves sous des charges nor-
males et des courbes de wmmmm—d&plammem con=
vexes sous le
de dilatance. Le comporiement de déformation des
masses rocheuses dépend des valeurs relatives de la fer-
meture, du cisaillement €1 de la dilatance. La déforma-
tion d'une masse rocheuse  peut  produine des
h iques dans les des joints
et dans les conductibilités, Réciproquement, des
changements dans la pression de eaw dans les yo-m:

des ch dans leurs qui
affictent la déformation totale de Ia masse rocheuse.
L'article mentionne des exemples de compactage dans
des réservoirs jointeyés et des phénoménes de Tuite dans
des tunnels de pression. Chacun de oes exemples ayant
pu étre causé par des changements dans les contraintes
effectives. On observe que la présence de joints dans les
roches affecte les phénoménes de formation de dalles

* &th Lawrits Bjerrum Memorial Lecture.
+ Morwegian Geotechnical Institute, Oslo.
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normale.

KEYWORDS: cons e relations; deformation;
pore  pressures; rock  mechanics; shear  strength:
tunnels.

NOTATION
d, dilation angle
e theoretical smooth wall conducting aper-
ture of a joint
E  physical aperture of a joint
e, initial conducting aperture of a joint under
nominally zero stress
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*/1
L, in situ block size (equal to the spacing of
Cross-joints)
M deformation modulus
v density
shear displacement along a joint
shear displacement at peak shear strength

E,

<

e

peak

w minor or intermediate horizontal principal
stress

oy major horizontal principal stress

nnrmal stress.

r shear stress

¢, basic friction angle (unweathered rock
surface)

@, peak friction angle

Predicting the Behaviour of Underground

Openings in Rock

By
Nick Barton

SYNOPSIS

Rock masses range from intact homogeneous media, through
regularly jointed assemblies of blocks, to heavily sheared and
crushed clay-bearing fault zones. A brief review of the beha-
viour of openings created in these media, such as boreholes,
tunnels and large mine openings, IndlCalc some consistent
trends. The fundamental failure mechanisms and require-
ments for support are believed to be strongly influenced in all
cases by the volume changes accompanying potential failure.
Failure, even in unjointed media, eventually occurs on failure
surfaces such as extension fractures or shear fractures. A
“plastic” zone may not strictly exist since the rock between
the failure surfaces can be intact and relatively less highly
stressed, Since the volume changes accompanying failure are
10 a great extent determined by the dilation (or contraction)
along these failure surfaces or pre-existing discontinuities, an
ing of the latter is to the prediction

of underground opening behaviour.
Careful measurements of model jointed media are used to
the volt that can be expected
when rock masses are subjected to increased shear stress. The
components of joint deformation such as closure and shear-

1. INTRODUCTION

There are three specialized disciplines of rock engineer-
ing that provide us with fascinating glimpses of the way
rock behaves around underground openings. The three
areas employ different specialists who do not often
have ihc opportunity of communicating their different

t h other. Their have entirely
different goals, yet their common interest is excavation
stability in rock.

Table 1. Three categories of openings and their
failure modes

Caregory Rock characteristics | Failure modes®
1. Deep boreholes | Sedimentary rocks. | Shear failures,
(Oil Industry) | Low intact strength. | lamination buckling,
High Stress. «plasticn yielding

2. Decpmines | Massive, brittle | Extension failures,
(Mining Industry)| rocks. Hi rock bursting,
strength, High stress| slabbing, buckling

induced dilation determine the type: ol %spol individual
rock masses. ify

tion of rock mass shear strength bm-d on discontinuum be-
haviour. Both the Q-system and the JRC/JCS index charac-
terization of discontinuities are utilized here. The proposed
criterion contrasts with the Hoek and Brown criterion, which
primarily describes the strength of intact rock, with adjust-
ments for jointed or crushed media.

Examples of discrete modelling of excavations in jointed
media are given, using both physical and numerical models
as examples. Particular attention is focused on the discre-
pancy between the behaviour of jointed media and the
attempts to simulate these by means of continuum models.
Tensile opening of joints and hysteresis on unloading due to
shear are cited as reasons for the discrepancy. Examples of
recent discrete element modelling using the UDEC method
are described, to illustrate the prediction of the disturbed
zone around tunnels.

KEY WORDS
Tunnels, boreholes, failure modes, shear strength, joints, dila-
tion, scale effects, physical models, numerical modelling.

4th Manuel Rocha Memorial Lecture Lisbon, 12th October 1987
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3. Shallow tunnels | Jointed, Extension, and shear
(Civil, Transport) | altered rock, failures on pre-exiting
low mass strength, | discontinities,
Tow stress levels rotational failures

* Failure mode descriptions deliberately simplified.

2. OBSERVED FAILURE MODES

(i) Deep Boreholes

Recent research efforts, funded mainly by international
oil companies, have thrown light on the possible failure
mechanisms around deep boreholes. The subject is far
from closed. However it already appears likely that fail-
ure does not initiate at the borehole wall but some-
where inside the wall (Maury, 1987). Carefully instru-
mented experiments have also shown that the peak tan-
gential stress levels occur well away from the wall (Ban-
dis et al. 1987). Due to the disturbed and partly failed
zone, the effective modulus of the rock is lower at the
wall of the borehole than within the surrounding mate-
rial.




Nick Barton'

Rock Mass Classification and Tunnel
Reinforcement Selection Using the
Q-System

REFEREN Barton, N., “Rock Mass Classification and Tunnel Reinforcement Selection
** Rock Classification Systems for Engineering Purposes, ASTM STP 984,
. American Society for Testing and Materials, Philadelphia, 1988, pp. 59-88

Us
Louis Kirkaldie,

ABSTRACT: This paper provides an overview of the Q-system and documents the scope of case
records used in its development. A description of the rock mass classification method is given using
the following six parameters: core recovery (RQD), number of joint sets, roughness and alteration
of the least favorable discontinuities, water inflow, and stress-strength relationships. Examples of
field mapping are given as an illustration of the practical application of the method in the wnneling
environment, where the rock may already be partly covered by a temporary layer of shotcrete. The
method is briefly compared with other classification methods, and the advantages of the method are
emphasized.

KEY WORDS: rock mass, classification, tunnels, rock support, shotcrete, rock bolts jointing

This paper provides an analysis of the Q-system of rockmass characterization and tunnel support
selection. The 212 case records utilized in developing the Q-system (Barton et al, 1974) are
reviewed in detail, so that application to new projects can be related to the extensive range of
rock mass qualitics. tunnel sizes, and tunnel depths that constitute the Q-system data base.

Ultimately, a potential user of a classification method will be persuaded of the value of a
particular system by the degree to which he can identify his site in the case records used to develop
the given method. The most comprehensive data base of the seven or eight classification systems
reviewed is utilized in the Q-system. This body of engineering experience ensures that support
designs will be realistic rather than theoretical, and more objective than can be the case when few
previous experiences are utilized to develop a support recommendation

Classification Systems Currently in Use

Table 1 is an abbreviated listing of most of the rock mass classification systems currently in
use internationally in the field of tunneling. These are:

* Terzhagi (1946) Rock Load Classification—This has been used extensively in the United States
for some 40 years. It is used primarily to select steel supports for rock tunnels. However, it is
unsuitable for modem tunnelling methods in which rock bolts and shoterete are used.

* Lauffer (1958) Stand-Up Time Classification—This introduced the concept of an unsupported
span and its equivalent stand-up time, which was a function of rock mass quality. It appears
excessively conservative when compared with present-day tunneling methods.
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SOME ASPECTS OF ROCK JOINT BEHAVIOUR UNDER DYNAMIC CONDITIONS

N. BARTON
Norwegian Geotechnical Institute, Oslo.

SUMMARY

Data from dynanic shear tests on rock joints are reviewed. Cyclic tests, single high velocity events, and stick-slip
shear tests are included fn this review. None of these tests provide an entirely satisfactory simulation of
damageing dynamic loading, fn which shear is accusulated in one direction during successive cycles. Case records of
earthquake effects on mines and tunnels in jointed rock are discussed. Accumulation of shear, causing fnstability
and permeability enhancement, may occur when jointing fs under combined shear and normal stress. Such would be the
case for steeply dipping joint structures in an anisotropic stress field, or for joints that interset tunnel perime-
ters in non-radial directions. Reinforcement strategies for jointed rock subjected to dynamic loading are suggested.
A method of constitutive modelling based on the JRC (mobilized) concept is suggested for modelling cyclic shear with
accunulated displacenent and roughness damage.

INTRODUCTION

Rock joints beneath a slope or surrounding a tunnel,
are acted on by shear and normal stress components.
These are caused by the virgin or induced principal
stresses and their relation to the orientation of the
joints. 1If we first consider very simple examples
(Figure 1) it is easy to imagine the different effects
of dynamic loading. Joints that are under the
influence of a shear component () will tend to accumu-
late shear during dynamic loading, while those that are
under the influence of only a normal component (an)
will tend to cycle (shear) back and forth.

Experimental studies designed to simulate some of the
effects that can be experienced under dynamic loading
are of three principal types; cyclic (shear reversal)
tests, single high velocity shear in one direction, and
stick-s11p type experiments. The picture that evolves
from a review of experimental data is somewhat con-
fusing. Part of the problem is the difficulty of per-
forming realistic tests. When considering the stabi-
Tity of the two structures illustrated in Figure 1, it
1s tempting to conclude that smal) amplitude, high fre-
quency cyclic shear tests as often performed, will have
Tittle relevance. A shear test that accumulates shear
in one direction, with 1imited shear reversal on each 7
cycle would seem to be of most relevance. "Single Flure.1a

shot”, high velocity dynamic tests with shearing fn Predominance of normal or shear stress determines the
only one rapid event also fall short of reality. Jjoint behaviour under dynamic loading.

Icealized jointing surrounding 3 tunnel
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The Discontinuum Approach to Compaction and
Subsidence Modelling as Applied to Ekofisk

N. Barton Norwegian Geotechnical Institute Norway

A. Makurat Norwegian Geotechnical Institute Norway

L. Harvik Norwegian Geotechnical Institute Norway

G. Vik Norwegian Geotechnical Institute Norway

S. Bandis University of Aristotle Greece

M. Christianson Itasca Inc. Minneapolis, USA
A. Addis Norwegian Geotechnical Institute Norway

ABSTRACT

The Ekofisk Centre in the North Sea has undergone unexpected seabed subsidence
involving 150 km® of underlying rock and sediments over an area of 50 km®. NGI
was engaged by the Norwegian Petroleum Directorate to perform independant stu-
dies of the factors involved in the subsidence, and of the implications of the
compaction. NGI's studies included laboratory tests of the jointed reservoir
chalk, numerical continuum modelling using the CONSAX code and discontinuum
modelling using UDEC. In the final studies performed a special Joint subroutine
was incorporated in UDEC so that the effects of compaction on joint apertures
and conductivity could be investigated. The studies showed that the steeply
dipping conjugate joints in the 300 m thick reservoir were probably undergoing
shear during the approximately one-dimensional compaction. Joint shear and dila-
tion were admissible in this uniaxial strain environment, due to shrinkage and
pore collapse of the matrix between the joints caused by the 20 MPa drawdown in
pore pressure. The 3 km of overburden shale was also modelled as a discontinuum
and demonstrated the possibility of shear along bedding planes and sub-vertical
Jointing. Discontinuum models showed larger ratios of subsidence to compaction
than continuum models due to such shear mechanisms.

1. INTRODUCTION

Those working on the Ekofisk problem are frequently asked the question; why was
it not foreseen? A 20 MPa (or more) reduction in pore pressure in a reservoir
of large area (50 km?) at no more than 3 km depth must have been expected to
cause compaction and surface subsidence?

The questions are well grounded. The answer is at least partly based on an
insufficient understanding of a complex material such as chalk at that time.
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Cavemn design for Hong Kong rocks

Nick Barton

Norwegian Geotechnical Institute, Oslo, Norway

Abstract

The paper describes an integrated -system and discrete element design philosophy that
can ensure the safe design of very large caverns in Hong Kong's excellent quality granites and
welded tuffs. Principal cavern reinforcement methods should consist of fully-grouted rock bolts
and fiber reinforced shoterete, Predicted loading of reinforcement can be checked with numerical

The principal activities required to obtain the all-important input data for the
empirical and numerical analyses will be described. These include stress measurement by
hydraulic fracturing, hole seismic t hy to identify fault zones and joint swarms,

characterization of joints in drill core to obtain input for Q-system and discrete element
(UDEC-BB) modelling, and follow-up mapping during construction to confirm designs.

Introduction

Slope stability problems in Hong Kong’s weathered granites give a misleading picture of the
pe i rock qualities avai for underground construction. Very large span caverns
can be constructed at moderate cost to produce valuable additions to Hong Kong's high priced
real estate. The especially favourable economy of large spans should be utilized to the full, to
gain greatest benefit from the all-important area/volume ratio that favours minimum supported
cavern surface area and maximum cavern volume.

How can one be so sure that large span caverns can be safely constructed and utilized in
Hong Kong's granites and volcanics? The initial answer to this important question can be found
in NGI's Q-system of rock mass classification and cavern support selection (Barton et al. 1974).
Caverns of 20 to 30 m span have been successfully excavated and safely utilized in rock masses
of equivalent quality to Hong Kong's granites and welded tuffs. In fact they have been
successfully excavated and safely utilized in markedly poorer rock qualities than those available
in Hong Kong's underground terrain.

‘The quality of Hong Kong's rock according to the Q-system

Case record statistics

More than 200 ecase records were utilized in the original development of the Q-system.
Sinee that time NGI has designed almost 1000 km of tunnels and numerous large caverns based
on this method. The level of precedent is therefore high, and it is apparently being added to by
successful application in many other countries.
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Review of predictive capabilities of JRC-JCS model in engineering practice

N.Barton & S.Bandis
Norwegian Geotechnical Institute, Oslo, Norway
& Aristotelian University, Thessaloniki, Greece

ABSTRACT: The database used in developing the Barton-Bandis joint model is reviewed.
It is shown how tilt testing to obtain JRC is extrapolated both in terms of stress and

sample size.
the Q-system are developed.

1. INTRODUCTION

The JRC-JCS or Barton-Bandis joint model
started inconspicuously some 20 years ago
as a means of describing the peak shear
strength of more than 200 artificial ten-
sfon fractures. These were developed with
a guillotine in various weak model
materials, which had unconfined compres-
sfon strengths (oc) as low as 0.05 MPa.

Linear plots of peak friction angle
(arctan t/op) versus peak dilation angle
(dn) indicated the following simple
expression:

T = op tan(2d, + 30°) (1)

It was found that the peak dilation angle
was proportional to the logarithm of the
ratio (oc/op):

dp = 10 Tog(oc/op) (2)

By elimination, the following simple form
was obtained

T = op tan[20 log(oc/0,) + 30°] (3)

Thus the first form of the "JRC-JCS" model
was actually the "20 - oc" model, where
the roughness coefficient (JRC) was equal
to 20 for these rough tension fractures.
The joint wall strength (JCS) was equal to
oc (the unconfined compression strength).
The original form of the equation {s
therefore perfectly consistent with todays
equation:

T = 0y tan[JRC 109(JCS/0p) + ¢r1 (4)

1990

Field measurement of JRC {s demonstrated, and relationships with Jr in
Constitutive modelling of shear stress-displacement, dila-
tion and shear reversal are also described.

and represents the three limiting values
of the three input parameters i.e.

JRC = 20 (roughest possible joint
without actual steps)

JCS = oc (least possible weathering
grade, i.e. fresh fracture)

¢r = ¢p (fresh unweathered fracture
with basic friction angles in
the range 28% to 31%°)

In addition, the small size of the samples
(60 mm length) meant that both JRC and JCS
were truely laboratory scale parameters
and would nowadays be given the subscripts
JRCy and JCS, (Barton et al. (1985), t
distinguish them from the scale-corrected
full scale values JRCy and JCSp (see
later).

2 PEAK STRENGTH OF ROCK JOINTS AND ITS
PREDICTION

Figure 1 illustrates the results of direct
shear tests, on 130 rock joints, reported
by Barton and Choubey (1977). Eight rock
types were represented. The statistics
for JRC, JCS and ¢, are given in Figure 2.
The mean values of these parameters

o = 28°

were used as input parameters to derive

the central strength envelope in Figure 1.
A key aspect of this study was the

discovery that self-weight tilt testing,

JRC = 8.9 JCS = 92 MPa
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ment of Norway's
hydroelectric

potential during the 19705
and early 80, and major
road tunnels during receat
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influence on tunnel design
work undertaken by the
Norwegian Geotechnical
Institute (NGI). Field -
investigatlons for some 0
1200 km of tunnels,
sappert design for 900 km
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and construction super
vision for 600 km (both drillandblast and
tunnelboring machine) have set their mark
on both the level of experience and on the
design msethots developed at NG

Norwegian tunnels are beset by diverse
problems during drivage, such as oceasional

Moreover, the initially unreinforced shoterete
ves poor protaction

datacan b combined with sisequen s, and

n poor ground, of in & major excavation such
s the 6m span Olympic iosbockey caver to be

major water inflows. sdabbing and
rockbursting, unstable clay bearing jointed rock
with notable joint persistence, major faulting
and zotes of severe swelling clay. This great
variability is reflected in the hage numerical
range of rock qualities (from 0.001 to 1000),

in the NGI Qystem now used warkd
wide. Figare 1 shows a recent (1095) updste and
anew feature - N(r).

Q-SYSTEM B AND S(FR)

REINFORCEMENT
Rock bolts and shotcrete a5 tunel support (the
B+ § method) have been used in very many
countries for several decades, but few would
dispute the ploneering work performed in
Scandinavia in the developments made with
these products. In particular, robotically:
applied, wet process, fibre reinforeed shotcrete
(S(tr)) has caused a revolution in support of
difficult ground and has completely superceded
the use of meshevinforeed shoteres (S(me)) in
Norway. As a result of this, & Qsystem chart
(Figure 1) developed by Grimstad et al (1955)
already incorporated this prodact 5 years agn,
following some st to elght years of excellent
experience with S(fr) both in Norway and
Sweder

n.

B + Sifr), signifying systematic bolting and
fibrereinforced shoterete, is a flexible
combimation sekdom matched by NATM suppoet
methods which often involve mesh ceinforced

cause & “shadow” effect under spraying.
WORLD TUNNELLING
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deseribed later, it is usual to check the
performance of the B S(fr) support by
convergence or by MPBX

extensometer installation. B + S(fr) has beea
used for at least a decade and gives superh
advance rates and personnel safety. 1t s also
majoe companent of final rock support in bange
carverns and bunnels throegh difficalt ground.

ROCK MASS VARIABILITY

With the Qystem method of
fication! the following six
sumbers (selected from husdreds of mm.-z.
of alternative

manpulated . In
the case of the ioehockey cavern nhd earlier,
sets of histograms were produced from
preliminary mapping in existing, nearby
excavations, and subsequently combined with
the results of Qlogging of 250 of drill core’.
This data base provided cavern support
designers with peelissinary indications of rock
reinforcesment needs. The system has since been
used for mapping the distribetion of G- values n
the arch of the huge cavern and conflrming the
prognases obtaned from geophysical studies.
These studies are described laer.

" PREDICTING ADVANCE
RATES

significant amount of infermation on the qu.hn
(or otherwise) of the rock mass:

QWx2, 0666 ()
§3 1
where Q=(RQD 4 4, 4 J.)
I L SRF
(RQD = rockquabty desigration, J, = Jointset

mumbes, J, = jointronghness number, J, = joint
alteration aumber, J. = joint

Experience In using the Gsystem within NGI's
roup of engineering grokgists s very extensive
due 10 600 km of rockreinforcement supervision
and design, iacluding more than 150 km of hard-
rock TBM tunnels. An [nteresting synthesis of
experience with two drilkand bkast road tunnels
of 10m and 14m spans driven in the earty and
late elghties respectively, is shown in Figure 3.
The diagrans shows the tunnel drivage rate in
m/woek/advancing face as a function of the @

factor, SRF = stress reduction factor,) These
numbers represent a valid description of the
rock mass at a given locatkon in & tunoel, and are
associated with a specific need for tunnel
reinfoccesnent, for examgle B (Lim c/c) + ()5
om for & E5m span road tusnel

When surface mapping. or bogging drill core,
o when recording large amounts of geotechnical
data in an advancing tunnel, it has been found
convenient 10 recoed Qsystem data in histogram
form such as in Figure 2. This gives a good
Indication of roek mass variability, and carty

salue and the

or temparary support method. The extreme
range of conditioes encountered, from swelling
siltssanes (Q = 01002) to massive hssalts (Q = 80),
A lenolved advance through at beast a dazen
Tock types in the two tumels combined.

The more rapid advance with B + S(fr)
compared to cast concrete s clearly seen in
Figure 3. The driving rate repeesents progress
with both excavation and wmporary support of
the full tunnel crosssectional areas of 7 and 90
Some 6% to 100% of the final support
quantities are incorporated In the temporary
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Scale effects or sampling bias?

N.Barton
NG, Oslo, Norway

ABSTRACT: A wide range of scale effects and potential scale effects in rock engineering

are reviewed.

These fnciude unfaxial compression strength, joint roughness and shear

strength, conductivity-shear coupling, shear stiffness, failure modes, and stress-

strain behaviour.

Sampling bias and sampling disturbance effects may be responsible

for incorrect conclusions concerning some of the apparent scale effects.

1 INTROQUCTION

Numerous potential scale effects are evi-
dent in rock mechanics. Many are real
effects, but many are undoubtedly caused
by the difficulties in obtaining represen-
tatfve samples. Large samples are more
easily damaged and may therefore
demonstrate lower strength or stiffness
since the larger sampling size tends to
fnclude more “flaws", a fundamental scale
effect would of course be expected;
however, 1t may be exaggerated out of pro-
portion by the sampling preparation,
extraction or testing process. In this
paper a fairly wide ranging look will be
taken at many of the areas where scale
effects are expected or suspected. The
author's personal experiences lend support
to many of the interesting observations
made by authors to this workshop on Scale
Effects in Rock Masses.

2 THE DILEMMA OF STRESS EFFECTS

It may be wise to start this review by
pointing out one scale effect problem
which may never be resolved, before going
on to more tangible problems which have
been explained or show potential for being
explained.

Compilation of direct shear test data
for rock joints tested under low stress
levels, show very large variations in
shear strength, while compilations of high
stress triaxial data for faulted rock spe-
cimens show relatively small variations in
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shear strength. An equally wide range of
rock types may have been tested in each
case.

Figure 1 {llusrates these different
ranges of shear strength. It alse
illustrates the approximate ratio of test
sizes: small-finger-size cylinders may
represent apparatus test 1imits when
measuring the triaxfal shear strength of
"faulted rock® specimens at normal stress
levels in the kilobar range of stresses.
This reduced specimen size is not showing
a reversed scale effect. It is the enor-
mous stress that is removing the effects
of variable rock strength and discon-
tinuity roughness, otherwise seen in tests
on discontinuities in rock.

The stippled envelopes shown in Figure 1
indicate the potential scale effect for
rock joints at low (engineering) stress
levels. The scale effect at kilobar
stress levels can only be inferred from
geotectonics; but it s presumeably much
Tess marked than the scale effect we as
rock engineers must 1ive with in engi-
neering design.

3 SCALE EFFECT ON UNIAXIAL COMPRESSION
STRENGTH

This fundamental index of rock strength
has been the subject of numerous scale
effect fnvestigations over the last 30 to
40 years. A useful compilation of data is
that given by Lama and Gonano (1876),
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NORWEGIAN METHOD
OF TUNNELLING |

or & country with only 4 million
Finhahimnls. Norway has quite an

unusual level of tunnelling activity.
Tunnel construction in the civil sector has
been especially high In the last 1 years, with
8 of these years seoing more than 4 mi
of tunel and cavern excavation. Several
years have seen more than 3 million m* of
water tuanel construction for hydropower per
year (mostly in the late 1970s), and many
Jears with more than 1 million m? of road
tunnels (2 million m* in 1990). In 1990, 32 km
af hard rock TBM tunnels were driven, mostly
at Statkraft's Svartisen hydroelectric praject.

contractors, Selmer A/S has constructed more
than 20 km of tunnels per year during five of

' One of the Jargest Norwegian tunnelling

1991, A/S Veidekke, who in a joint venture
with Selmer A/S were responsible for the

} the last seven vears, with a total of 31 km in

| construction of the 62m span Olympic ice

hockey cavern, also have a very impressive
record of tunnelling and underground
construction. The Veidekke Group excavated
a toal of 95 ki of funnels in 1957 and 1988
and have averaged more than 30 km per year
since 1667, [t has been estimated that 4,500
ki of tunnels have been constructed in
Norway since 1970.

Norwegian tunnelling is also blessed with
several very experienced Consultants whose mle
in pre-investigations, design and tender
document preparation are significant in many
ways. Noreonsult, Norpower, Berdal Stromme,
Groner, Noteby, Fortifikasjon, Geoteam, SINTEF
and NGI are notable examples of organisations
with extensive tunnelling and underground
construetion experience, buill around numerous
hydropower, petroleum storage and road tunnel
projects bath n Norway and abroad.

‘A major Norwegian tunnelling development.
over the past 12 to 15 years has been high
capacity wet process shotcreting equipment,
swhich allows steel fibre reinforcerent (typically
30 mm x 0,5 mm) to be applied by robot at the
tunnel face 15 to 20 m ahead of the rig, in
volumes of 15 to 25 m’ per hour. At present,
some 50 to 60,000m” of fibre reinforced shotcrete
are sprayed each year in Norway; one company,
Entreprengrservice A/S, being responsible for
30,000m* in 1991,

“Auother major player in the shotcreting field,
hesides Selmer and Veidekke, is Roboeon
International who did pioneering work in the

ent and application of fibre reinforced
shoterete in the early 80s, and are currently

1992 (Part )

Gustonaty

Equivalent sgan/height (m)

Figure 1. Simplified diagram for design of
rock support based on the Gsystem (Grimstad
et al, 1956’

Selmer, Veidelke and Statkrast, have between
them constructed one half of Norway's 200
underground hydroelectric power stations, or
more thaa one quarter of the world's total of
approximately 400. In a current hydroelectric
project in Northern Norway (Statkraft's
Svartisen Project), more than 40 km of hard
rock TBM tunnels have been constructed in
record time in hard gneisses, diorite, quartzite,
marhles and schists with compressive strenaths
of 120 to 300 MPa. igh cutter loads of 32 tons
and high cutter head power (3150 HP in 43 m
and 5.0 m diameter Robbins machines) have
given average weekly advance rates of LI to

m in 100 hour weeks for the five machines. Best
results of 612 m in 4 shift, 90.2 min a day, 415 m
in a week and 1176 m in a month were achieved
in the 36 kn driven during a 2 year period from

L0 10 400 1000

materials, and contractual aspects to give

| readers & glimpse of the leel of technology

available. A case record of NMT used in difficalt
tunnelling conditions is given at the end of the
article. |

NMT AND NATM - WHAT
ARE THE DIFFERENCES?

Despise the comment by an experienced NATM
ploneer that *it is not usually necessary \
provide support in hard rocks", Norweg ‘,\
tunnels require more than 50,000m° of fibre
reinforced shotcrete and more than 100,000 rock
bolts each year. Two major tunnelling nations,
Norway and Austria, have in fact long traditions
In using shoterete and rock bolts for tunnel

| support, yet there are significant differences in

philosophy and areas of application for NATM
and NMT, To start. this brief review, it way be
pertinent to first state what appear 1o be the

1989 to 1992. At the Merdker
project the joint venture Veidekke/Beg
Henriksen has recentl set s new warld recard of
426 n in one weelk, using a Robbins HP TRM of
35 m diameter.

This article describes key aspects of
Norwegian tunnelling technology to assist
potential users of these methods in deciding
between the socalled New Austian Tunnel
Method (NATM) and the Norwegian Method of
Tunnelling (NMT). A comparison of methods
and typical areas of application is given. In

AT, the authors

major and NMT.
NATM appears mast suitable for soft ground
which can be machine or hand excavated, where
jointing and averbreak are not dominant, where
a smooth profile ean often he formed and where
a complete load bearing ring can (and often
should) be established. Monitoring appears to
play a sgnificant part in deciding on the ining |
and extent of secondary supporl. (Using the
surrounding ground as the main loading
comporent is ot an exclusive NATM phi
Ttis essential practice and i often inevitable!)

NMIT

harder gn
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Norwegian Tunnelling (NMT) as a hard

rock rival to NATM. In this second
Instaiment, Dr Nick Barton and his colleagues
further explore its application against the
background of Norway's contract system.

NORWEGIAN CONTRACTS

In Juse WT we introduced the ides of The

Continuation from June issue
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CONTIACTOR'S Er3x. smosers cost

An Inexperfenced tunnel Owner who describes
the desired final peoduct with ss concrese lining.
and leaves all risks to the Contractor in a
Turnkey or Lump Sum, Fixed Price contract
[nvites high costs, disputes and legal actions.
Another extreme, also iarviting high costs which
this time maximises the Owner's risk and
minimises the Contractor’s risk is the Cost
Reimbursement type of contract. Figure 10
illastrates where Norwegian practice lies
(Kletvan, 1985y

The contract system used in Norway which
b & 20 year track recoed of low costs and few
disputes is based on tender documents that
reflect the unit prices for the equipment,
methods and mazerials. mast likely to be needed
for unnelling through the investgated rock. An
integral pass of this system Is a tender document
that thoroughly describes the geological and
geotechnical investigations, giving the
Contractor a fair idea of Hhely rock conditions,
rock support meeds and details of all
Investigations performed. The Owner utilises
engineerieg geokgists from his own or from his
Consultant’s ceganisation who are experienced

the best judgement of the Owner and his
Consultants on most Wkely conditions. They list
the different types and amounts of support work
that are 10 be included In the tender sum, and
request alternative unit prices for instance for
driving a pilot heading, for probeddrilling, and for
various pregrouting strategies ix case these are
needed for parts of the tuanel. The required
support work is divided into two main
categories: that to be execated at the tunnel
face, and that 1 be executed bebind the tunnel
face that does not delay the peogeess of the
tarmel. Unit prices are also given for all delays

3

AR = ST
— cos1 opmemsimen) — - N
B

Figure 10. Risk sharing according to type of
contract aad ausumed nfluence on project cost
(Kteican, 19557

without concern for “tactical motives” 'na
Owner pays foe the correct solt
o more and no less. (Aas, 19864

‘The idea of the Norwegan contract system is
o help create a cooperative attitude among
parties involved when difficult and unexpected
conditions are encountered, yet still maintain

the avantage of a full competiion at the tender
stage since all eventualities have been priced.
The need for the Owner to employ comsultants
and engineering geokgists who have sigrificant
experience is fundamental to the proven sucoess
of the Norweian tunnel contract system.

Great emphasis is laid on avoiding
unnecessary damage 1 the rock mass doe 10
careless blasting by the Contractor, In the
tender docaments the Owner asks for
alternative unit prices concerning restricted

Arch theory

test.
(Torsteinsen and Kompen,
1886y
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N. Barton, F. Leset, A. Smallwoodt, G. Vik, C. Rawlings, P. Chryssanthakis, H. Hansteen

The NGI methods of characterising joints (using JRC, JCS and ¢,) and characterising rock masses
(using the Q-system) are being utilised extensively in a current geotechnical consultancy project
for UK Nirex Ltd. Present geotechnical characterisation activities include the logging of six
kilomotres of 100mm drill core from cored drill holes of up to 1,960m depth.

Preliminary rock reinforcement designs (systematic bolting and unreinforced or fibre-reinforced

shotcrete) are dorived from the Q

stem statisties,

which are logged in parallel with JRC, JCS and

#;. The UDEC-BB modelling provides a check on the performance of the proposed excavations with Q-
system reinforcement, giving predicted bolt loads and rock deformations, together with joint
shearing and hydraulic spertures to better define the disturbed zones.

NGI's Methoden der Tx'nnflnc!u.-nbelehre[bul’ls (unur G!hrlu:h der Q-Methode) sind wesentliche

far UK Nirex Ltd.

geotechnischen chnrnkterlslorondnn Aktivitaten boinhll(on die Beschreibung von 6 km, 100 mm

Kernmaterial aus einer Tiefe bis zu 1960 m

Das vorlaufige Sicherungskonzept (systematisches Ankern und oder £
Spritzbeton) beruht auf einer statistischen Q-system Analyse. Diese wird parallel mit der

Registrierung von JRC, JCS und ¢, durchgefohre,
des Verhaltens der geplanten und Q-System

Die UDEG-BB Simulationen erlauben eine Gberprifung

Kavernen. der Ankerlasten,

Felsdeformationen, und Scherdeformationen entlang der Trennflichen und der hydnmuuhon

Kluftoffoungen erlauben eine

g der Aufl e

Les méthodes NGI pour caractériser les joints (utilisant JRC, JCS et ¢,) et les massifs rocheux
(utflisant lo systime Q) sont utilisées & grande échelle dans un project de consultation géotechni-
que pour UK Nirex Ltd. Les activités de description en cours incluent 1'enregistrement de
kilomdtres de carottes de 100 mm extraites de trous de forages d'une profondeur jusqu'a 1950 m.

Les dimensfonnements d’armement du rocher (ancrages systématiques et béton projeté non-armé ou armé
de fibres) sont dérivés des statistiques du systéme Q, enregistrées en parallile avec les paramétres
JRC, JCS, et $,. Les modeles analytiques UDEC-BB permetctent de vérifier le comportement de
1"armement basé sur le systéme Q. ot donnent forces d’ancrages, déformations du rocher, cisaillement
du joint, et ouvertures hydrauliques afin do mieux définir les zénes remaniées.

INTRODUGTION

The NGI methods of characterising Joints
(using JRC, JCS and ¢,) and characterising rock
masses (using the Q-system) are being utilised
extensively in a current geotochnical
consultancy project for UK Nirex Ltd. This
organization {s responsible for the safe dis-
posal of low and intermediate level radioactive
waste in the UK. Present planning and site
investigation is now focused at Sellafield in
NV England where extensive deep drilling,
downhole testing, geological and geophysical
investigations are being progressed.

The NGI/NS Atkins/Taywood Engineering work as

code UDEC-BB. Extensive numerical analyses of
access tunnel and cavern excavation response
are being carried out to investigate rock rein-
forcement requirements and the extent of the
disturbed zones.

GEOTECHNICAL LOGGING CHART

As a first step in the rock mechanics design
process, data of relevance to cavern and tunnel
design studies are collected from field mapping
and from current logging of some 6 ka of
oriented drill core. The chart used in the
field mapping is illustrated in Fig. 1.

and idle time for workers and foc equipmeat,
and of course for running costs for the workers”
camp and for admirastravon.

When rock prodlems are encountered, the
Owner, Contractor and Consultant together
choase the mast suitable and practical methids
for coping with the problems. The Coatractar
who has correctly priced different types of
support will be able to give his best advice

WORLD TUNNELLING
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Geotechnical Consultants to UK Nirex Ltd has
included field mapping and core logging, using Kex to
newly developed geotechnical logging charts
which combine Q-system parameter histograms
with more detailed joint and rock mass deserip-
tions suitable for use in the distinct element

logging chaxts

Q-value (Barton, Lien and Lunde 1974)
The Q-value is a measure of the stability of
excavations in a rock mass. The Q-value {s
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COMPARISON OF PREDICTION AND PERFORMANCE FOR A 62m SPAN

SPORTS HALL IN JOINTED G?

EISS

N. BARTON-T
KRISTIANSEN -

Norwegian Geotechnical Institute, Oslo, Norway

L.BY - P. CHRYSSANTHAKI

LOSET - R.K. BHASIN - H. WE

JNBRIDGE -
ESTERDAHL - G. VIK

ABSTRACT
‘The feasibility of ing of very large span for location of a nuclear power station in Norway was investigated in the
carly 19705, In the end, the 1994 Winter Olympic Games has provided the necessary impetus for utilising very large rock caverns.

‘The 62m span Olympic Ice Hockey cavern has been constructed in Gjovik, Norvny lnslemmm;mmﬂ

engineered
gaeiss of average RQD = 70% and

has a rock cover of only 25 to S0m, thus posing challenging design problems. The types of stress
measurements, cross-hole seismic tomography, special core logging, Q;ymcmmmmmmumwimunacm Predicted
maximm deformations were 4 to Smm; surprisingly small duc o the igh horizonta stresses recorded. Extensometer (MPBY) installations from

the mrfnee prior to construction,

surface levelling and MPBX installed from inside the caver give a combined measure of maximum

in the range 7 to Smm with the 62m span fully excavated, and three adjacent caverns for the Postal Services also completed.

INTRODUCTION

During the 19705, NGI performed a series of siting studies and
some in situ testing, to investigate the feasibility of underground
siting of nuclear power plants. Special attention was focused on
the need for a reactor containment cavem with a hemispherical
domed arch of at least 50m diameter. The Norwegian State Power
Board (Statkraft) and subsequently also the Swedish State Power
Board (Vattenfall) funded parallel theoretical studies of large span

cavems.

The Norwegian Geotechnical Institute (NGI) first performed
physical models of large spans in jointed rock, studying the effect
of medium and high horizontal stress levels and the effects of
various jointing pattens. Comparisons were also made with
continuum FEM studies. Today, fifteen years later, we would
have used discrete element methods such as UDEC. A brief
review of some of the findings of these earlier studies will be used
as an introduction to the real life problems subsequently encoun-
tered at Gjovik, where a 62m span cavern has been successfully
engineered for the 1994 Winter Olympic Games which will be
centred at Lillehammer.

Prior to specific siting of large caverns, whether for nuclear
reactor vessels o for Olympic Ice Hockey, estimates have to be
made of stress levels and rock properties. Conceming stress
levels, we elected to investigate low, medium and high stress as
follows:

oo, = 1/3
o,f0, = 10
100/z + 03 < o,/0, < 1500/z + 0.5
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The latter (where z is depth in metres) s based on measured data
reviewed by BROWN & HOEK (1978). The actual level chosen
in the third case was k = 20 at 25m depth and k = 6 at 100m
depth, i.c., a trapezoidal distribution of stress, within the above
range of observations.

Figure 1 illustrates the FEM results obtained with an assumed
rock cover of only 25m, E = l‘GPI u-Oluld’hllm
conditions (equivalent (o the ¢ physical models).
For stage 2 of the excavation (roughly equivalent (0 the Olymm:
Ice Hockey
the three stress cases were 2.7mm, 1.5mm and (-) 10.8mm (..g,
heave). When the rock cover was increased to S0m, the isotropic
case (k = 1.0) showed a maximum downward deformation of
2.9mm, i.c., the tendency for heave is of course reduced.

The physical models, which are described in detail by BARTON
& HANSTEEN (1979) consisted of 20,000 blocks of discretely
fractured model material, with two regular joint pattems of
constant dip. These two-dimensional models were loaded by
gravity and by vertical boundaries that resemble today's numerical
roller boundarics. Figure 2 illustrates two of the physical model
results under stress levels equivalent to those described above. It
should be noted that the tension fracturing technique gives the two
sets of joints (one continuous, the other discontinuous) unusually
high values of JRC (joint roughness coefficient). ~Stability is
therefore ensured in the arch of the models, but not in the walls.

The above numerical and physical models demonstrated the
possible favourable nature of near-surface siting for large cavems
at least from the point of view of possible high horizontal stress
levels and reduced deformation. A compromise would need 1o be

Geotechnical Predictions of the Excavation
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Abstract

The 3m wide by 2m high by 50m long validation drift at Stripa surprised
the site characterisation and validation project investigators, by the limited
amount of water inflow compared to borehole measurements and predictions.
Rock mechanics characterisation and laboratory and field tests performed by
NGI are reviewed in an attempt to explain the reduced inflows. Discrete
element UDEC-BB modelling was used to predict the effects of excavation
induced disturbance in two-dimensional models. Full coupling of hydro-
mechanical effects was incorporated in some models and shown to be impor-
tant compared to mechanical modelling.

Prédictions géotechniques de la zone perturbée
autour d’une excavation a Stripa

Résumé

La galerie d’'accés, de trois métres de large, deux métres de haut et
cinquante meétres de long, a Stripa, utilisée pour les validations, a surpris les
enquéteurs chargés de la charactérisation du site et du projet de validation,
par le faible débit d’eau comparé aux prédictions et mesures de sondage. La
charactérisation de mécanique des roches et les tests in situ et au laboratoire
effectués par NGI sont repassés en revue afin d’expliquer les débits réduits.
Une modélisation par la méthode des éléments discrets UDEC-BB a été
effectuée pour prédire les effets de perturbation induite par I’excavation dans
des modéles a deux dimensions. Le couplage des effets hydro-mécaniques a
été incorporé dans certains modéles et se révéle important comparé aux cas
ou la modélisation est purement mécanique.
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Physical and discrete element models of excavation and failure in jointed rock

Nick Barton
Norwegian Geotechnical Institute, Oslo, Norway

Abstract:
Physical models of single joints, of rock masses and of model excavations in rock can sometimes provide
1mponam insights into potential behaviour and failure modes in real rock masses. They can also provide
ion or validation of codes. However, where failure or large strains are concerned, the
computer models that are based on isotropic continuum behaviour will usually fall short of reality, Discrete
element models with realistic constitutive laws for the joints may, on the other hand, provide good
simulations of the physical behaviour seen in physical models, and therefore appear likely to be able to
simulate or predict real behaviour. An example of a virtual validation of the UDEC-BB discrete element
code with results from a well instrumented large excavation are given to illustrate this point. A unifying
theme that runs through the article is the importance of shear induced dilation and associated joint roughness.
This prime parameter helps rock masses to accommodate the "key" blocks and "plastic” zones that we
sometimes all to eagerly predict when ignoring the rock block and rock mass interlock effect. The exact
opposite is experienced with the low-! and high-J, discontinuity that causes rock support needs to escalate
due to dilatant or even iour, when such a feature tries to resist but actually causes
failure. The interlock of the surrounding rock joints may be seriously compromised by such features, and
ravelling may result.

2. CONSTITUTIVE MODELS FOR THE
SHEAR STRENGTH OF ROCK JOINTS

1. PHYSICAL MODELS OF ROCK JOINTS

Physical models of rock joints, rock masses and
excavations in rock have much to offer in rock
mechanics. As a starting point, some of the things
we have learned from studies of model rock joints peak dilation angle (d,) indicated the following
will be considered. simple expression:

Direct shear tests of tension fractures that were T =0, tn (Zd, +30°) m
developed in a range of weak model materials are
shown in Fig. 1. What appeared at the time to be
alarmingly lugh peak friction angles (¢, ) proved

For the model tension fractures discussed above,
linear plots of peak friction angle (arctan /g, ) vs

It was found that the peak dilation angle was
pmpomonzl to the logarithm of the ratio (o, /0, )

later to be a fund: 1 feature of non-planar rock strength/normal stress):
joints. It appears that if a shear test is conducted 3
at low enough normal stress, ¢, may tend to be as d, =10 108(—] @
high as 90°, as shown in the inset to Fig. 1. %
As explained by Barton and Bandis (1990), the By elimination, the following simple form was

obtained:
< = g, an[20 log[ﬂ) . w] @
on

rough tension fractures depicted in Fig. | represent
valid "end members" of the family called rock
joints. In the terminology JRC, JCS and &, devel-
oped by Barton and Choubey (1977) to extrapolate
tilt test results, the tension fracture has the highest
possible JRC, JCS and &, values.

Thus the first form of the "JRC-JCS" model was
actually the 20 - ¢." model, where the roughness
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Tm NATM suppart design philaso-

In genceal. it bas ben used with
{ suceess. The soundncss of an active

sign approzch, sometimes cafled design-
A%FOU-20 {more corroctly design-as-you-
fou

SUPPORT |

years of their developing wet process, steel
fibre reinforced shoterete (S(1r)) in place
of the carlier S(mr) method. Commercial
application af wet process S4fr) in Nomway
by 1978 caused S(mr) o fall out of use by
about 1984",

monitor), b ¥ Major
cosl savings compared W i

Use of this lutie rein-

inflexile design approuches. However, it
would b unfalr @ the NATM coneepl,
and also incorrect, to refer 1o all wanels
that mcorporate shoterete and mockbxolting
in their method of constraction as being
“driven hy NATM, which appears 0 be
OOCUrTing in sOme quarters,

NATM dearly cannot be the best or
ehezpest method for tannels in extersively
jointed, harder rock masses that are drill-
+blaszed 35 opposed to machine cxco-
vated. Extensive overbreak (i.c. tive
radii) frequeatly causes mesh reinforoed
shotcrete (S(mn)} and luttice girders to be
L lime consuming and possbly
unsafe. Such methods may abso case
unnecessarily large concrete consump-
tions. For this reason. Norwegian tunncl-
lerswere anly 100 ready to stap wsing mesh
reinforcement and steel ribs within a few

11 Arsas of usem| ssphication

. mhmo 100k maas gy
+ Pred 1 neas
* Updairp of seth dwng metig {rcrtrig

+ Rape advanca ratas in dielst nas
* Inproved stely
+ Imprreud wrsrsemant

CCA = cast conceole arena, S0

iodl fice

forcement and final support method far
joisted pround with everbreak since 1978
has increased from 60000 w0 70 000m e ar
in Norway, close 1o the highest e in the
woekd at present, despite Nosway's small
population. Robotic application 100 Xm
above, to the side of or in front of the
operator, production rafes of 11 te 25,
Tow dhsst [evels (rebound 5 to 10 per cent),

Rock mass conditions dictate
choice between NMT and NATM

The Norwegian Mcthod of Tunnelling is most appropriate for drill +-blast tunnels in jointed rock which
tends to overbreak. Nick Barton and Eystein Grimstad, Norwegian Geotechnical Instisute, discuss the
different applications of NMT and NATM, usually employed in driving soft ground tunnels.

mnrcinforced shoterete (8) and bolting (B)
are pow used 2 permanent support in such
Zones at appeosimatedy lsalf the costof cust
concrete, Similar advantages can be e
pecied when S(fe) and RRS are used as
Permanert suppart in tunmnels or cavernsin
soft jointed rocks and in over-consofidatod
fissurcd cleys, such us London Clay.

The no-norsense B+S(fr) Norwegian
Method of Tunnelling (NMT) aillows drill-
+blst driving rates of up to 410 and 70m a
week in 75 hours and 110 hours & week
tunnelling. These figures are achicved
even when significant amountsof shoteret-
ing and bolting are performed. Maximum
rates of about 60 und 100m a weck arc
achicved when there is only minor rock
reinforcement
, the use of shoterete as the

sround, and no problems with uneven
profiks and overbreak, have csused a
Tevalution in driving rates and twnncling
Costs.

Cast conerete lined sections for permi-
nent_support of fault zones and clay-
bearing rock are virtually disappearing
from use due 10 their cust and time con-
straints s compared o $(fr). Rib (rebar)
relnforced shoterete (RRS) with S(1t),

Joao nm 74-10 v enak; Rardie Gnd Of unxl ST
mlv {9+ 3 lo 200MPal

il mcms)uunym--nmn
o purt Sy

n ool cases oely)

hlcrcact oderets, ARS = tpbloroud e of
ecoed

)
shotete, B = symtemalic bollrg, S - shokirete, 2 + 3001 boks. NONE =

| Tabie 1. £

il festares of NN (aficr Bovion
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n
survey of major tunnels with Sqfr) as final
support overlosked both Norway and Swe.
dea in this respect, due na doubt © the
commonplace use of these methods (b
Scandinavia  which  goes  lurgely
unreported

There are in fact some £60km of main
road tunncls in Nomway which have
stretches totalling 1 60km with S or Sifr) as
approved final support. somw of them
subsca tunnchs. An important point o
remember is that the Norwegian Public
Roads Admmistration is just as interested
in maintenance free unnels as its inferna.
tional counterpasts,

No
A comman misconception i that S(fr) is
unsnitable for long life, maintenance tree
tunneks, due to possible fibre corrosion.
This is proving to be an vafousded worry,
even in salt-water cowironments, provided
hat sensible precamtions are takea. The
key to sucress is good quality cunereles
High grade coneretes with plasticisers,
super-plasticiscr, silica fume, stump kill-
e and Bydration control have extremety
low water conn
parositics.
continuous, it daes not saffc ylmm el
type corrosion as may occur with mesh
reinforcement.  Even the medium grade
concretes sach as C35 that were common
with S(fr) application sen years sgo do a0t
show fibre corrosion in ten year ok sabwes
tunncls. Convincing information on the
covitonmental effects in such tunncls was

UPDATING OF THE Q-SYSTEM FOR NMT

Eystein Grimstad and Nick Barton
Norwegian Geotechnical Institute, Norway

ABSTRACT

Since the early 1980s, wet mix, steel fibre reinforced sprayed (S(fr)) togeth:
with rock bolts have been the main components of permanent rock support in underground
openings in Norway. The concrete technology and the experience with this concept of
rock support has improved considerably in this decade. Based on studies of 1,050 case
records, an empirical connection has been established between the thickness of sprayed
concrete and bolt spacing on the one hand and the rock mass quality, Q, on the other
hand. In extremely poor rock mass quality, a concept using rebar steel reinforced sprayed
concrete ribs in addition to S(fr) and rock bolts has been developed which has actually
been replacing cast concrete lining during the last few years. The thickness, width and
spacing between the ribs depend on the rock mass quality, Q. Rock support by means of
S(fr) has also been widely used in order to prevent spalling and slabbing under high rock
stresses. Use of the Q-system together with S(fr) and rock bolting as final tunnel support
constitute the most important components of NMT, the Norwegian Method of Tunnelling.
The article provides a detailed discussion of some improvements that have been made to
the stress term SRF in the Q-system. Onset of stress slabbing in massive rock and
squeezing in soft fractured rocks are more closely defined. Finally, the ability of early
S(fr) support to the SRF (1 ing) term is noted, in marked contrast to the
adverse effect of using steel sets which tend to increase the SRF value of the rock mass.
Ground reaction concepts in Q-NMT support design are discussed.

INTRODUCTION

Sprayed concrete is a product which has mainly been d d by practi licati

It is one of several tunnel support techniques, and is often combmed with other types of
support such as rock bolts, steel straps, wire mesh, steel arches and reinforced sprayed
ribs. In recent years, use of additives and an increased knowledge of concrete have made
it possible to vary the properties of sprayed concrete in desired directions, in response to
the planned application (Opsahl, 1982).
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Updating the NATM

Sir, Tunnels & Tunnelling should be
congratulated upon impeccable timing,
and Sir Alan Muir Wood on impeccable
foresight for the Sept 94 article on
potential problems with NATM in
London Clay, The need to excavate and
support more quickly in order to gain full
bencfit from negative pore pressure
development was cloquently preseated. It
leads onc sersously 1o suspect that: dry
process shoterete (with its large rebound,
dust and invert quality control penalties):
mesh reinforcement (with its long delays
at intersections and shadow cffects); and
hand held equipment (with its volu-
metric, reach and human limitations)
colicctively doom NATM 10 3 less than
optimal performance in a weak, fissured
medium beneath important structures at
Heathrow and the Jubilee Line
Extension. One should learn from one
disaster and avoid a second by

{LETTERS}

interpretation of what follows.

on Clay must clearly
treated as an ‘incompetent ro
following Decre, and be given RQD = 0
(i.c. use ten as the minimum value in the
Q calculation). The number of fissure
sets and more persistent joints and
‘backs’ will determine the J,, value
(number of sets). The first pair of
parameters (ROD/J,) which describe
relative block size will therefore be equal
to approximately 10/(6 to 15) and will
vary considerably from site to site.

“The second pair of parameters (J,17,)
describing inter-block friction should
have the final character of ‘thick clay
fillings’ (no rock to ros
should therefore be
L.0/(6 to 8). This is conservative; o
initial dilation on the non-planar fissure
surface has been allowed. In reality, J,J,
might vary from 24 to 1/8 with tim if
strain softening is allowed, and need
more support as a consequence. The
third and final pair of Q-system
(J/SRF) describing water

changes of

Classic negative pore pressure
development is presumably most
effective in an over-consolidated
continuum and least effective in a
fissured medium like much of the
London Clay. Although each affected
Clay ‘block" is temporarily hardened by
the unloading and/or initial shear strain
and diltion wing tunnelling.

ingress (or pressure) and the effective
stress (o strength ratio will clearly be
affected in London Clay by whether the
excavation is performed fast and
supported fast (using robot applied fibre
reinforced shotcrete) o excavated slawly
and supported slowly using the type of
hand held equipment frequently

in TAT fom NATM

the transfer of negative pore Pressures to
deeper layers is presumably less effective
across fissures than through a continuous
medium. Late re-establishment of
positive pore pressures might
nevertheless be assisted by minute flows
along the fissures, where softening will
preferent
‘The well known scale effects on shear
strength and dcformability documented
and of BRS in the carly 0 are
fissure-induced and are also seen in
(jointed) rock mechanics. Perhaps a rock
mechanics engineer would be forgiven
for suggesting that fissures should
sometimes be included discretely in
design as is regularly done in rock
mechanics, cither through empirical
methods or using distinct clement codes
such as Cundall’s UDEC and 3DEC.
“There js no nced (nor do we have the

Clay, 1o take into sccount both time and
construction methods, and of course
geotechnical variability, using histogram
field mapping sheets. The Q-system and
NMT (Norwegian Method of Tunnelling)
pnnﬂpl« have been used in worse

conditions than London Clay in many
countrics, with great success. Reference
to T&T, Oct ‘94, p1 will help

construction sites (10 the contin
amazement of Norwegian lunmllmg
colleagues). Depending on tunnclling
method. depth and site characteristics,
1 /SRF may have values in the range
(0,66 10 1.0)/(2 to 5). {An allowance for
squeezing is made in the worst case.)
One ends up with a potential Qvalue
range of probably about 0.01 to 0.1, i.e.

0+ xglgx 5810 - 00110 01
“This range of quality plots in the
“extremely poor” rock class in the
OQ-diagram (Fig 1, T&7, Oct 94, p0).
For excavation spans of more than 10m,
this would imply substantial rib
(reinforcing bar) reinforced (o lattice
girder reinforced) steel fibre reinforced
shotcrete of about 15 to 25cm thickness
as final support in the best quality end of
the above range of Q. Cast concrete final
tining following 1ib reinforced S(fr)
primary support would be needed at the
other end of the quality range, again for
spans of more than 10m. Primary S(fr)
can be built up following NATM
monitoring principles if desired; but the
thickness can be designed using the
Qusystem.

Robot-applicd stecl fibre reinforced
wet process shoterete with production
rates of § to 25m/h (depending on the
size of the rig) should be adopted in
place of outdated mesh reinforced

shoterete both at Heathrow and Jubilec
Line, allowing more rapid and
mechanised mining and immediate
support of the ground within the negative
pore pressure phase emphasised by Sir
Alan Muir Wood. With reduced strain
softening, subsidence and final loads
would thereby be reduced. Robot Sifr)
technology is ten years and onc cycle
ahead of S(mr). Some would say that this
Jost cycle (for mesh fixing) is the
difference between success and failure in
difficult twnnclling. Commereial

of tunnelling, Of particular relevance to
Heathrow problems as reported in the
UK press is that inverts are not covered
by low quality rebound material. When
using wet process S(fr), there is virtually
no rebound!

Clearly, Norwegian contractors have
been too quict, and English owners all
100 casily influenced by NATM successes
— of which there are of course many. It
s perhaps time to combine the best
aspects of English, Austrian and
Norwegian tunnelling technology and
advance tunnels in London faster and
more cheaply, confident of having used
the best avaitable technology and design
principles, thereby minimising the chance
of another black October.

Yours faithfull,
Nick Barton, NGI, PO Bax 3930,
Ulievil Hageby, N-0806 Oslo, Nonway

Clarification of NATM

Sir, NATM is not a hard rock method!
The NATM was developed in Austria
around 1954 for construction of soft
ground tunncks. The first application for
underground railway projects was at
FrankfuryMain in 1968 with the
construction of a trial tunncl. The
benefits of the technique in urban arcas
resulted in 70 per cent of the tunaclling
cartied outin Germany using the

ATM, mostly in clay, silty clay and
imilag st ground conditions.

In the intervening years since its initial
introduction, many large cities around
the world, ¢.g. Washington DC, D:
Sio Paulo, Brasilia, Scoul, n,m
Istanbul, Athens, Rome, Thailand,
among others, have accepted the method.

Regardless of the tunnclling method,
collapses do from time to time oceur and
for a variety of reasons. When apparcntly
new methods are applied using the
concepts of older methods, the behaviour
of the ground support is difficult to
assess. Hence, the skill of the tunnelling
practitioner needs 1o be re-adapted. In
order 1o further these changes, the advice
of known specialists nceds to be sought,
not only at the design stage, but
especially in the control of the

40
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The Q-System following
Twenty Years of Application
in NMT Support Selection

By

1994 marks a twenty-year milostone since the publication
ol the (-system* (Barton et al., 1974). During this time the
method has been used for the design of more than 1,000
Kk of lunnels in Norway alone. I has obviously matured in
this time, been improved and updated, and is taday heing
used more and more [requently as a guantitative measure
of tunnelling conditions and support needs in an inereasing
number of counwies around the world.

At tho time of the Q-system dovelapment in the carly
1970s, wesh reinforced shoterewe and bulting were increa-
singly being used as a replacement for stecl sors and can-
crete, us a means of culling cosls, improving safety and
completing tunnels more officiently. Simv) = B was becom-
ing sceepled in several countrivs even outside Scandinavia
as a valid permanent suppert method. OF caurse, when na
longer relying on the cure-ull {but expensive) linal cast
concrete liner, thare was a need ta he sure of the adaquacy
of this seemingly Light* support method, The need Lo de-
seribe rack mass conditions in an appropriate manner (in
case conerele was needed) wis the reason that the
stem could be doveloped, thanks to NGI's and other
prople’s excellent case records.

In pur experience, wunnel projects where reliance was
placed on steel sets for temporary support and cast con-
crete for final support (virtually independent of rock condi-
tions) were paorly deseribed in an enginecring geological
sense, This state of alTairs is probably still irue today, and
wunnelling costs are slill very high in many countries, pardy
Tor these reasons.

Corrosion Worries Over
A twnnelling revolution has occurred in the last 15 to 20
years with the development of wet process shotcrete and
the abilily to spray slainless steel fibre reinforeement S(Ir)
in dense, low permeabili '
silu guali e sieel [ibres are non-continunus, they do
not suffor anodic/cathodic carrosion like stesl mosh or steel
reinlorced concreles or sholeretes.

In the arca of bolting, annther revalurion has aceurrad

anchored and tensioned as temporary support. and later
{after shoterating), can be fully grouted in one simple ope-
ration both along the inside and outside of the PVC liner.
No langer can crities elaim that final support cansisting
OI'SHr) + B (steel fibre reinforced shoterete aud sysbematic

Tha fsi el Teciical vt Nl The dssecd dikiae
Sener Engmesnng Grolopist a2 NGI. Both authors wark in tha Dvision
of R eering ard ot Mo

“Ses Glnisnn of Tarms at the ard of his art

ck Barton, Ph. D. and Fystein Grimstad M. Sc.

Dbalting) has limited life. OF course, as in 1974, many Own-
ers and Consultants ure still nervons of the longevity and
assumed costs of light” support.
wethods such as St} or S(fr) and balting. However, il
they follow the recommendatious and methods outlined in
the remainder of lhis paper. they will acquire many kilo-
metres of mnnels ar a fraction of the present cost!

The Norwegian Public Roads Administration, in their
450 km of main road tunnels have stretches Lotalling some
160 ki where linal support consists only of shotcrete (S or
filkre reinforced shotcrete S(lr) and holiny (Grimstad ot al.,
1993). Crilics and conservatives may assume that this is
duc 0 the predominantly harder jointed rocks in Norway.
However, S(fr) 1 B is not used unless rock conditions are
paor ar very poar {i. ., Q-values from about 4 down to
0.01). Such conditions usually involve heavy jointing, clay
bearing joints and marked overbreak.

Concrete lining is only used where exceptional condit-
ons provail, However, it is steadily losing graund to RIS
(rib reinforced shoterete) snpplemented by S(fr) = B (Grim-
stad and Barton, 1993). This is a flexible (casy w0 apply)
melhod of building steel reinfarced shatcrete ribs that are
in immediate and complete contact with the swhols tunnel
profile. Their thickness and spacing can be varied as dicta-
ted by the ground and by convergence measurements.

Q-System Classification
Following an extensive period of trial and ervor in 1973, a
final total of six (-systent parameters and ratings were de-

veloped as shown in erquation 1 and in Table 1. According
to the Q-system, the rock mass quality may be expressed
hy:

Q=R U

T m

The numerical value of Q rangos fram 0,001 (exceptio-
nally poor) to 1000 (exceptionally good) quality rack. The
six parameters can be cstimated from surface mapping
and from core logging, and van laler be verified or cor-
rected during excavation. The parameters represent:

ROD = degroe of jointing u;)n T

4, = numher of joint sets
3, - joint roughnos 1. s u measur
4. = juint alterssion or filling | J, 0 inter- ok fricon sugie

Jolnt water Inakage © L, s a mensure
or ressure of thy
SRE - rock siross condtions

The large range of Q-values (six ordors of magnitude) is a
vory impartant foaturs of the Q-systemn und reflects rock
quality varistion probubly more readily than the linear

a28 Falsbau 1219941 Nr. &
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Predicted and Measured Performance
of the 62m Span Norwegian Olympic
Ice Hockey Cavern at Gjovik

N. BARTONY

T. L. BY?

P. CHRYSSANTHAKISt
L. TUNBRIDGEt

J. KRISTIANSENt

F. LOSET

R. K. BHASINt

H. WESTERDAHLt

G. VIKt

The feasibility of excavating caverns of very large span for underground siting
of nuclear power stations in Norway was investigated in the early 1970s. In
the end, the 1994 Winter Olympic Games provided the necessary impetus for
utilizing a very large engineered rock cavern and proving its general feasibility.
The 62m span Olympic Ice Hockey Cavern was constructed in Gjovik by

Veidekke-.

elmer JV in 1991. It is located in a jointed gneiss of average

RQD = 67%. The Q-values range from I to 30, with a weighted mean of about
9. i.e. fair quality rock. The cavern has a rock cover of only 25-50m, thus
posing challenging design problems. The investigations prior to construction
included two types of rock stress measurements, cross-hole seismic tomogra-
phy. geotechnical core logging, Q-system classification and numerical mod-
elling with UDEC-BB. Predicted maximum deformations were 4-8 mm; these
were surprisingly small due o the high horizontal stresses recorded. Exten-
someter (MPBX) installations from the surface prior to construction, precision
surface levelling and MPBX installed from inside the cavern gave a combined
measure of maximum deformations in the range 7-8mm with the 62m span
fully excavated, and three adjacent caverns for the Postal Services also
completed. Permanent rock reinforcement based on the Norwegian method of

tunnelling (NMT)

consisted of 10cm wet process steel fibre reinforced

shotcrete, and systematic bolting and cable bolting in alternating 2.5 and 5.0m
¢/c patterns. Both the cables and bolting were untensioned and fully grouted.

INTRODUCTION

During the 1970s, NGI performed a series of siting
studies and some in situ testing, to investigate the
feasibility of underground siting of nuclear power plants.
Spcclal attention was focused on the need for a tor

cavern with a i ical domed arch of
at least 50m diameter. The Norwegian State Power
Board (Statkraft) and subsequently also the Swedish

#Norwegian Geotechnical Institute (NGI),
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Norway

State Power Board (Vattenfall) and Sweden's BeFo
organization funded parallel theoretical studies of large-
span caverns at NGI.

Physical models of large spans in jointed rock were
used to study the effect of medium and high horizontal
stress levels and the effects of various joint orientations.
Comparisons were also made with continuum FEM
studies. Today, fifteen years later, we would probably
have used discrete element methods such as UDEC,
although the number of discrete blocks in the physical
models (20,000) exceeds all but the most extreme discrete
element models.

A Q-SYSTEM CASE RECORD OF CAVERN DESIGN IN FAULTED ROCK

NICK BARTON

Norwegian Geotechnical Institute, Oslo, Norway

Summary

A 23m span by 46m high pumped storage power house to be located in interbedded siltstones and sandstones with up to twelve
inclined bedding plane faults intersecting the 160m long excavation does not represent ideal geology for large cavern construction,
However, appropriate solutions were engineered by the cavern designers and their consultants which may have application elsewhere.
In this paper the role of empirical Q-system based design is highlighted, and it is shown how seismic design considerations were
incorporated in the integrated empirical design. A discussion of the cavern performance and of reinforcement strategy dilemmas is given.

Introduction

The Mingtan Pumped Hydro project at Sun Moon Lake in
Central Taiwan was the first large cavern project in Taiwan in
which shotcrete (fiber reinforced) and systematic bolting (and
cables) were accepted as final support. Previously, somewhat
conservative thick concrete linings were used, based on
Japanese designs of this earlier period. Cavern owners
Taipower, and their consultants Sinotech engaged Golder
Associates and Dr. Evert Hoek for assessment of alternative
designs, and later also the author for adjustments of S(fr) + B
design using the Q-system.

The geology at Mingtan was somewhat unique for large
cavern construction, due fo the presence of some twelve
bedding-plane-parallel faults in the 35° dipping sandstones and
siltstones of the Waichecheng Series. Figure 1 shows the
general layout. One or two of the faults had a meter or so
thickness of clay filling and rock fragments. Nine of the major
faults were "seam-treated” using a special Sinotech technique
in the area of the future powerhouse arch, by replacing the clay
with grout and concrete using high pressure water jetting (Liu,
etal. 1988). Access was from longitudinal galleries driven on
cither side of the future powerhouse arch. Some 4m of rock
(clay) above the (future) cavern roof was treated in this way.
‘This is shown in Figure 2 from Moy and Hoek (1989).

At the time of the author’s first visit in 1987 this seam
treatment was successfully completed, and extensive pre-
reinforcement of the future cavern arch had been achieved with
untensioned but grouted 2 X 15 mm tendons at 2m centres,
splayed downwards from the floor of the drainage gallery.
This system of prereinforcement is also shown in Fig. 2.
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Figure 1 - The Mingtan pumped storage project in Taiwan.
Powerhouse axes were finally perpendicular o the strike of the
bedded sandstones, siltstones and bedding plane faults. (Liu,
Cheng and Chang, 1988/Taiwan Power Company and Sinotech
Inc.).

Radioactive waste repository design using Q and UDEC-BB

N.Barton, E Lgset, G.Vik, C.Rawlings, PChryssanthakis & H. Hansteen

Norwegian Geotechnical Institute, Oslo, Norway
A.Smallwood

WS Atkins, Epsom, UK

TIreland

UK Nirex Ltd, Harwell, Didcot, UK

Abstract

The NGI methods of characterising joints (using JRC, JCS and
) and characterising rock masses (using the Q-system) are
being utilised in a current geotechnical consultancy project for
K Nirex Ltd. Present geotechnical characterisation activities
include the logging of six kilometres of 100mm dsill core.
Preliminary rock reinforcement designs (systematic bolting
and unreinforced or fibre-reinforced shotcrete) are derived
from the Q-system statistics, which are logged in parallel with
JRC, JCS and ¢,. Discrete clement UDEC-BB modelling
provides a check on the performance of the proposed excava-
tions with Q-system reinforcement, giving predicted bolt loads
and rock deformations, together with joint shearing and
hydraulic apertures to better define the disturbed zones.

INTRODUCTION

The NGI methods of characterising joints (using JRC, JCS
and ¢,) and charscterising rock masses (using the Q-system)
are being utilised in & current geotechnical consultancy project
for UK Nirex Ltd. This organisation is responsible for the
safe disposal of solid low and intermediate level dioncive
waste in the UK. Present planning and site i i is

access lunnel and cavern excnvmen ruponse are being carried
out to i i rock and the
extent of the disturbed zones. The latter is graphically
represented by UDEC-BB plots of stress, deformation, joint
shearing and joint aperture distributions and magnitudes

GEOTECHNICAL LOGGING CHART

As a first step in the rock mechanics design process, data of
relevance to cavern and tunnel design studies are collected
from field mapping and from current logging of some 6 km of
oriented drill core. The methods used by BGS for core
orientation are described by Horseman et al. (1992), [8]

The NGI/WSA team has utilised newly developed geotech-
nical logging charts for describing jointing in the drill cores.
The chart used in the field mapping is illustrated in Fig. | for
a hypothetical data set. A brief explanation of cach parameter
logged is given below.

Since the stability of excavation in hard rock masses depends
largely on jointing, much of the data concems such features as
joint geometry and the surface characteristics of the joint
planes. Included in the charts are also some data concerning

now focused at Sellaficld in NW England where extensive
deep drilling. downhole testing, geological and geophysical
investigations are progressing. According to prescat plans,
approximately 2 million m’ of low and intermediate level
radioactive waste may eventually be disposed of at Sellafild,
utilising large rock caverns at depths in the region of S00m.
Present plans are for caverns of 25m span and heights of 15m
(low level waste) or 35m (intermediate level waste) (refer to
Treland, 1992) [9).

The NGI/WS Atkins/Taywood Engincering work as Geotech-
nical Consultants to UK Nirex Ltd has included field mapping
and core logging, using newly developed geotechnical logging
charts which combine Q-system parameter histograms with
more detailed joint and rock mass descriptions suitable for use
in the distinct element code UDEC-BB (Cundall, 1980 (6],
Makurat et al., 1990 [11]). Extensive numerical analyses of
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, rock ive strength and rock stresses, as
obtained by other Nirex contractors.

Data for the six Q-system parameters are given on the left
hand side of the geotechnical chart. In the histograms drawn
for cach Q-parameter, values plotting on the right hand side of
the chart are favourable for good stability, while values
plotting more on the left hand side imply poorer stability,

To the right of the six Q-parameters in the geotechnical
chart, there are other parameters which express rock mass
character in related ways. These additional data are necessary
in order to give & more complete description of the rock mass
and rock joints, especially for the performance of subsequent
numerical modelling.

The upper third of the chart (including RQD and 1)
describes geometrical factors of the rock mass as a whole.
The middle third of the chart (including J, and J)) describes
Joint character. The lower third of the chart (including J, and




The influence of joint properties in modelling jointed rock masses

Influence des propriétés des diaclases sur la modélisation des masses rocheuses diaclasées
Der EinfluB von Spaltbrucheigenschaften auf die Modellbildung von gekliifteten Felsmassen

NICK BARTON, Norwegian Geotechnical Institute, Oslo, Norway

ABSTRACT: Prediction of likely response to excavation, and production of final designs for the rock reinforcement, require realistic
descriptions of the components of rock mass behaviour, This article explores some of the methods that have proved reasonably
suceessful in describing and modelling rock joints and rock masses, despite the complexities involved. Index testing of rock joints and

rock mass characterisation, including geophysical methods, are the essential activities in ion for two- and th

distinct element modelling. Recent improvements are described.

RESUME: La prévision de la réponse vraiscmblable d'un massif rocheux lors de la réalisation d’une excavation, ainsi que le dimen-

sionnement des renforcements nécessaires, nécessitent une
article explore quelques unes des méthodes qui se sont montrées

réaliste du des de ce massif. (‘:l:l

pour la i etla

des massifs rocheux et de leurs joints, en dépit de la complexité que cela suppose. Les essais sur joints et la caracérisation du massif
(y compris par les méthodes géophysiques) sont les éléments essentiels préalables a une modélisation en deux ou trois dimensions par

éléments discontinus. Des développements récents sont décrits.

z UNG: Die ge der auf das Auffahren von Untertagersumen und das

Design von verlangt die der einzelnen des F Dieser

Artikel beschreibe einige Methoden, welche trotz ihrer rfolgreich zur Kluft- und icrung und

angewandt werden. Das Indextesten von Kloften und die i ikalische Methoden ei sind
i in der i von zwei und Elemente Simuli Neuere

Entwicklungen werden beschricben.
1 INTRODUCTION

This article explores some of the methods which appear to be
having some success in realistic modelling and design for jointed
rock masses. Key techniques are joint index testing, rock mass
characterisation, seismic measurements and distinct clement
modelling. At NGI, these methods can be represented by the
following basic symbols: JRC, ICS, &, Q. V,, UDEC and
3DEC. The first three are the index parameters for the joint
sets of concern (Barton and Bandis, 1990). The Q-values give
estimates for rock mass moduli and rock reinforcement,
following Grimstad and Barton, 1993. The two- and three-
dimensional distinct element models UDEC and 3DEC con-
ceived by Cundall and refined by Itasca Inc. provide the final
essential link to reality.

Spatial variability within the rock mass which is reflected 1o
some extent by the statistics for JRC, JCS, ¢, and Q, is further
described by the seismic measurements which provide a means
of extrapolation between mapping locations (i.c., exposures or
drill  core). In its optimal form (cross-hole seismic
tomography), it gives detailed information that can be approxi-
mately correlated to Q-values and to deformation modulus, using
recent developments

2 SHEAR BEHAVIOUR OF ROCK JOINTS

Direct shear tests of rough-walled tension fractures developed in
weak model materials, that were performed many years ago
when the author was a student, indicated the importance of both
the surface roughness and the uniaxial strength (o,) of the rock.

(JRC) was equal to 20 for these rough tension fractures. The
joint wall strength (JCS) was equal to o, (the unconfined com-
pression strength).

g

] )

The original form of Equation 1 is therefore perfectly consistent

with today's equation:

tai, m{TRC m(’?] . o,] @
.

Equation 1 represents the three limiting values of the three input
parameters, i.e.,
JRC = 20 (roughest possible joint without actual steps)
JCS = o, (least possible weathering grade, i.c., fresh frac-
ture)
& = & (fresh unweathered fracture with basic friction
les in the range 28% to 314°).

Bandis et al., 1981, 1983 and Barton ct al., 1985, have sub-
sequently shown how these three index parameters JRC, JCS
and &, can be used for modelling both the shear-dilation and
normal closure behaviour of rock joints with estimation of
physical and hydraulic joint aperture, and with due account of
scale effects and shear reversals, etc

Figure 1 illustrates the first version of the constitutive model
for shear and dilation behaviour, which was subsequently coded
by ltasca for use in UDEC-BB (Christianson, 1985, personal
communication) and improved by NGI and Itasca (Gutierrez,

The empirical relation for peak shear strength given in Equation 1995; Christianson, 1995, personal for use in
1 was essentially the forerunner of the subsequent JRC-JCS or  an improved version UDEC-BB. )
Barton-Bandis model, where the joint roughness coefficient Although different degrees of joint weathering and mineral
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Investigation, Design and Support of Major Road Tunnels in Jointed
Rock using NMT Principles

Nick Barton, NGL, Oslo, Norway

Summary When fibre reinforced shotcrete, S(fr), and rock bolts form the key components of permanent rock
reinforcement and tunnel support and are not followed by concrete lining, then the investigation, design and tunnel
support phases have each to be relicd upon to a greater extent than is the case with typical NATM tunnelling. The
Norwegian Method of Tunnelling (NMT) which can be used for a very wide range of jointed and faulted rock, places
reliance on rock mass classification, on empirical design of permanent support, on numerical verification of special
cases and on the knowledge or assumption that a flexible approach to rock support variation will be possible within the
contract. "Design as you drive” or "in sifu selection of suppont” presupposes anticipation and designs for the full range
of rock conditions, and unit prices for all the tunnelling and support methods likely to be used. Tunnelling and support
costs in the range of US$4,000 1o US$8,000 per metre are normal in Norway for two-to-three lane highway tunnels
using these NMT principles. The article demonstrates the use of the Q-system and comelations with seismic
investigation methods for anticipation of the likely range of tunnelling conditions. A look at the Sydney basin sandstones
isused to this method. i ification of empirical support designs is demonstrated with UDEC-BB
and UDEC-S(fr). Finally, some details of NMT permanent support components are illustrated including corrosion
protected rock bolts, almost rebound-free fibre reinforced shotcrete and economic frost and water insulation methods.

1 INTRODUCTION . A basic NMT designed tunnel is drained, with
insulated, pre-cast concrete panels for water
and frost control when needed. These can be
assembled at approximately 1 km per month.

In the context of road and rail wnnels, NMT (Barton et
al., 1992) is a collection of practices that produce dry,
drained, permanently supported and lined” (fully
cladded) tnnels for approximately USS$4,000 to 1.2  Contractual
USS8,000 per metre. These low-cost, high-tech

Norwegian tunnels m}y range in cross-section from . The Owner pays for technically correct support.
about 45 m® to 110m’. The following list gives the
essential components of NMT. @ The Contractor is compensated via the unit prices
quoted in the tender document.
L1 Design
. The Owner bears more risk than the Contractor,
. Preliminary design is based on field mapping, thereby reducing prices.

drill core logging and seismic interpretation.
. Needed support is based on the agreed Q-value,

N Rock mass quality is usually deseribed by the and may vary frequently.
Q-value (Barton et al, 1974; Baron and
Grimstad, 1994). 1.3 Excavation and Support

. Final support is selected during tunnel - Excavation, usually by drill and blast, is tailored
construction based on tunnel logging and use of 10 the rock conditions.

the Q-system support recommendations.
. The temporary suppart such as sb, B or B+5(fr)'

. Numerical  verification of the various is approved as part of the permanent support.

permanent support classes may be performed

with the distinct element (jointed) two-

dimensional UDEC-BB or three-dimensional

3DEC computer codes.

T = spot bolts; B = systematic, fully grouted bolting;
S(fr) = wet-mix, steel fibre reinforced shotcrete
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Rock Mass Characterisation and Seismic Measurements to
Assist in the Design and Execution of TBM Projects

Nick Barton

Oslo, Norway

Abstract

The choice of TBM excavation contra drill-and-blast excavation of major tunnels is a
decision that can have major ic and schedule implicati Unf ly, both
economy and schedule on ions go in the opposite direction to those expected, and greater

costs and more time are incurred than would be likely with the drill and blast alternative. This
paper is an attempt to reduce the risk in TBM tunnel driving, so that costly TBM machines are
less likely to be stopped for long periods. The proposed method is based on systematic
collection and utilisation of data from the rock ahead of the TBM. The principles involved are
based on correlations between seismic P-wave velocity and rock quality. Rock quality is
described by a Q-value that has been normalised by the uniaxial rock compression strength.
An estimate of the rock matrix porosity and the approximate stress level or depth is also used
in the analysis of tunnel support needs. Convergence monitoring is used to verify that the

prediction of support class and execution of support is in d: with exp d beh
Introduction
Large TBM hi a very big financial in and they are a commitment to

a method of tunnelling that includes standard solutions to what may be a very wide range of
ground problems. It probably has to be admitted that the range of human and technical
ingenuity in tackling tough ground problems is limited by the TBM "tunnel production”
method. Problems incurred can, on occasion, be correspondingly exaggerated due to the
reduced flexibility when a large tunnel is filled with perhaps 200 metres of heavy machinery
and associated equipment. More room for human ingenuity and a wider range of solutions are
available in the drill-and-blast method, including multi-drift excavation and more thorough
p orpi hod

Learning Curve or Geological Delays?

On some TBM projects, there are extended early pcriod§ of low productivity due to mistakes
in expected ground conditions (Barton and Warren, 1996). These are usually followed by
impressively inclined learning curves once redesign of TBM details and crew experience are
optimised. A classic example of this is the Channel Tunnel project between England and
France, where English contractors eventually broke world records for soft ground (chalk marl)
tunnelling after making some design changes that were needed because of blocky,
overbreaking, water-bearing ground in the early kilometres.
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ESTIMATING ROCK MASS DEFORMATION MODULUS FOR
EXCAVATION DISTURBED ZONE STUDIES

Nick BARTON
Norwegian Geotechnical Institute, Oslo, Norway

ABSTRACT

The full scale deformation modulus that needs to be used in numerical models of
tunnels, caverns and geological disposal facilities (or related tunnel research sites) is
of fundamental importance to the stresses, displacements and magnitude of the
excavation disturbed zone or EDZ that is predicted. An alternative to direct
measurement which has merit in scoping exercises and may be accurate enough for
detailed design is outlined in the paper. The method is derived from rock mass
characterisation methods and was initially based on correlation between Q and RMR
to give access to additional case records. Key parameters in the new method include
the seismic P-wave velocity obtained from seismic refraction surveys, or from cross-
hole seismic tomography, the Q-value, the depth of the site and the physical
properties of the matrix as described by its uniaxial compression strength and
porosity. The method has been checked at hard rock sites with sparse or frequent
jointing, and in weaker, porous rocks which have no relevance to waste disposal but
which provide a large range of conditions for verification.

INTRODUCTION

Predicting the behaviour of excavations in rock masses is complicated by the huge
number of interlocked pieces of rock that react with one another viz non-linear
stiffness and strength components. In one major school of rock mechanics the
obviously discontinuous rock mass is simplified as if it were a continuum. Finite
element, finite difference, or boundary element analyses are utilised with elastic or
elasto-plastic constitutive models. There is an obvious need for a good estimate of the
rock mass modulus which takes into account "all" the features of the rock mass that
are otherwise ignored. Nevertheless, details of behaviour are sure to be missed in
such analyses and it is often necessary to change the modulus close to the
excavations to get better fit to observed rock displacements, e.g., Barton and Bakhtar
(1983).

Another school of rock mechanics which is expanding due to the needs for
more detailed understanding of "real” behaviour, follows the argument that major
sets of joints and discontinuities can be represented discretely in two- and three-
dimensional distinct element models such as UDEC or 3DEC, ¢.g., Cundall and Hart
(1993). However, since the number of discrete blocks that can be modelled is still
rather limited—usually no more than a few thousand blocks—it is inevitable that the
detailed joint structure that is seen in a scale of a few metres is only represented in
terms of a deformation modulus and Poison's ratio. Only the major joints, i.e., those
which are expécted to affect performance most, are modelled discretely. An
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Rock Mass Classification of Chalk Marl
in the UK Channel Tunnels

by Nick Barton, Norwegian Geotechnical Institute, Oslo, Norway and
Colin Warren, Sir William Halcrow and Partners, London, United Kingdom

ABSTRACT

Although Chalk Marl is nearly at the weakest end of the strength spectrum for
rock, its bedded and jointed nature make it quite amenable to classification by
rock mass quality descriptors such as the NGI Q-system. Steeply dipping
jointing and subhorizontal bedding was mapped and photographed in the partly
flooded Beaumont (Abbots Cliff) and Terlingham Tunnels prior to analysis of
core logs and core box photographs from the PB series of marine core
drillings. Mean Q-values were 3.4, 10.6 and 12.6 respectively. The Grey

Chalk seen in the cliff exposures at Shakespeare indicated Q-values in the range

4 10 33. Jointing appears to have been similar in the slightly weaker
underlying Chalk Marl, where permeabilities of about 1 to 20 Lugeons in an
otherwise very impermeable matrix also indicated the presence of extensive
jointing. The jointed and bedded nature of Chalk Marl as experienced in the
Beaumont, Terlingham and Channel Tunnels resulted in a lot of distinctly
discontinuum as opposed to continuum behaviour. Overbreak was marked
where joint sets, bedding joints and an unfavourable tunnel direction combined

to give the necessary degrees of freedom for block release. The inevitability of

block release problems was increased by the relatively smooth and planar
character of the joints and by the destabilising effect of high pore pressures in
the case of the sections of the Channel Tunnel having low cover and higher
permeability. Trans Manche Link (TML)’s own rock mass Q-characterisation
in the Marine Service Tunnel for km 20-30 was based on 250 face logs and
1,120 side wall logs. Average Q-values were 9.9 for km 20 to 24 where most
difficulties with overbreak were experienced, and 33.4 for km 24-30. Lower
values were obtained when only face logs were analysed due to the absence of
swarf. In the low cover zone between km 20.5 to 21.3, TML’s mean Q-value
was only 5.6. The above range of mean values is similar to that obtained
independently from pre-construction sources. According to Q-system case
records, tunnels of 8.4m span (Marine Running Tunnel, MRT) and 5.3m span
(Marine Service Tunnel, MST) need Q-values of 40 and 10 respectively for no
support to be required. The 17 to 18m of unsupported tunnel lengths behind
the MST and MRT tunnel boring machine tunnel faces made overbreak a very
likely phenomenon when Q-values were in the range 1 to 10.
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USING NMT PRINCIPLES IN PREDICTING PERFORMANCE OF A
POWERHOUSE IN THE HIMALAYAS, INDIA

Panayiotis Chryssanthakis, Rajinder Bhasin, Nick Barton
Rock Engincering Department

Norwegian Geotechnical Institute,
Postboks 3930 Ullevaal Hageby, N-0806 OSLO Norway

SYNOPSIS

This paper describes some of the NMT (Norwegian Method of Tunnelling) priciples applied to an underground
in the The i code UDEC-BB (Barton - Bandis joint constitutive model) has been
used for two-dimensional modelling of the Nathpa Thakri powerhouse in low strength anisotropic rocks in the Himalayas
region in India. The powerhouse has a 20 m span, 49 m high walls and is 216 m in length. The main rocks in the area are
metamorphic rocks such as gneisses, schists, gneissose schists and basic intrusives (amphibolites). The low strength
metamorphosed rocks are quartz mica schists, biotite schists, and muscovite schists. The input data required for UDEC-
BB have been derived from Q-system logging, from index testing density, porosity, specific gravity, uniaxial
comprcmw tests and rock j jOIfﬂ characterization of drill core (JRC, JCS, ¢,) and from in situ stress measurements, using
and '3 i and from sonic wave measurements. The stabilizing effect of the fiber
shoterete S(fr) in is now possible to model in UDEC-BB. With the new version
2,02 of UDEC - BB (December '95) it is possible to model both the effect of applying S (fr) and the rock reinforcement
bolts that are installed afterwards. In this paper we present results from numerical modelling for modelled S (fr) thickness
varying between 15 cm for the arch and 10 ¢m for the walls (model 1) and 25 ¢m for the arch and 20 em for the walls
(model 2). In addition to this, we also modell the Q-system derived rock bolt pattern of 32 mm in diameter with
alternating length 6 and 12 m bolt at 3 m spacing. By the time of writing this article (December '95) the excavation of the
powerhouse was almost completed. The results of this most recent modelling work are discussed. A maximum deforma-
tion value of approximately 45 mm on the cavern walls is predicted after the final excavation of the powerhouse. The
maximum recorded deformation on powerhouse arch by the time of writing this article was 24 mm. There are strong
indications that the deformation on the cavern walls may be around 40 mm,

1 INTRODUCTION

In recent years construction of tnnels through low strength anisotropic rocks such as phyllites, shales and schists in the
Himalayan Regions has generated new thoughts in anticipating and assessing the problems in such rocks. The problems
faced in tunnelling through these rocks include squeezing ground if the rock contains a considerable amount of clay
minerals and loosening of the rock mass in the case of layered and jointed rock masses. Loosening results in the
separation of the rock mass from the main body which produces a dead load.

The behaviour of low strength anisotropic rocks cannot easily be assessed through common engineering experience due
to the variation of mineral assemblage, fabric and geo-mechanical propertics. Hence, a detailed engineering geological
assessment of such rocks is warranted

In this paper the three types of schists namely, quartz mica schist, biotite schist and muscovite schist encountered in the
head race tunnel and in the underground powerhouse at the project site have been analyzed and have also been modelled
numerically with weak zones in the jointed rock mass (Figure 1). The index studies carried out include petrographic and
petrofabric analysis through electron microscopy, thin sections and X-ray diffraction. The geo-mechanical properties
have been evaluated with emphasis on their behaviour in underground structures.

Two approaches have been adopted to study the geo-mechanical properties of these rock masses. The first approach
includes laboratory tests to find the index properties of the rock which include the density, specific gravity, porosity,
sonic wave velocity and the uniaxial compressive strength of the rock samples. The second approach estimates the
strength and deformability of a jointed rock mass through the recently updated Q-System of rock mass classification
(Grimstad & Barton, 1993). In-situ rock stress measurements for finding the principal stress directions have also been
carried out. The numerical modelling techniques (UDEC) i.c.. the distinct element code (Cundall, 1980) which

the strength and ility properties of the joints and intact rock separetely, has been used to predict the
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Comparison of Predicted and Measured
Performance of a Large Cavern in the
Himalayas

R. K. BHASINt

N. BARTON%

E. GRIMSTAD?

P. CHRYSSANTHAKISt
F. P. SHENDE}

studies have been carried

Detailed investigative and p
out at the site of an g cavern in the yan Region
of India. The updated empirical (Q-system) and mumerical (UDEC-BB)
approaches, applied for predicting the behaviour of the rock mass prior to the
construction of the underground cavern (20 x 49 x 216 m), have been com-
pared with the instrumentation data from multi point borehole extensometers
(MPBX). Upon completion of the first numerical excavation step (20m span
arch), a relatively high stress-strength ratio and a maximum deformation of
approx. 18 mm was predicted in the roof of the cavern. MPBX readings in the
arch have indicated maximum deformations in the range 19-24mm with the
20m span fully excavated. The results of numerically excavating the cavern
1o its full height (49m), have indicated maximum deformations in the range
43-45mm in the walls of the cavern. Upon completion of the ongoing benching
operations, the measured performance from the walls of the cavern will be
arailable for comparison with the existing numerical results. Permanent rock
support in the cavern consists of systematic bolting of alternating lengths and
mesh reinforced shotcrete S(mr). However, rock support design recommen-
dations based on the Norwegian Method of Tunnelling (NMT), which employs

A comparison of the Barton-Bandis joint constitutive model
with the Mohr-Coulomb model using UDEC

Rajinder Bhasin & Nick Barton
Norwegian Geotechnical Institute (NGI), Oslo, Norway

ABSTRACT: A ical study is to il igate the i of a joint itutive model on the
stress-strain behaviour of a rock mass. Distinct element simulations are carried out on 3 different block size
models of a rock mass using the Barton-Bandis (BB) and the Mohr-Coulomb (MC) joint constitutive models.
The results show that the peak shear strength of a rock mass depends on the constitutive law used. The BB
model, which allows the modelling of the dilation accompanying shear, predicts results similar to those from
reported physical model tests on jointed slabs of a rock model material. A closely jointed rock mass in which
block rotations occur exhibits a lower stiffness but a higher strength than a rock mass with widely spaced
joints. The MC model, in which the dilation angle is constant, is relatively insensitive to the effects of
different block sizes on the stress-strain behaviour of a rock mass.

INTRODUCTION

nuities. During the excavation of an underground

wet process fibre

reinforced shoterete S(fr) instead of S(mr), have been

numerically tested and verified. Copyright ) 1996 Elsevier Science Ltd

INTRODUCTION

Rock mass classifications, which form the backbone of
the empirical approach, have proven to be useful in
providing guidelines for assessing the behaviour of
rock masses and in choosing support requirements. Over
1050 cases have been analysed in the updating of the
Q-system [1].

Ever since its development, the Q-system of Barton
2] ha: attracted the attention of tunnel engineers,
field geol and in its application to hard,
jointed and faulted rocks. Construction engineers and
geologists have preferred the empirical approach over
the analytical and numerical approach, mainly because

Norwegian Geotechnical Institute (NG1), Oslo, Norway
#National Institute of Rock Mechanics (NIRM), Bangalore, India,

of its simplicity. While classification of rock masses will
never be a itute for i in there

is no doubt that an approach using one of the established
classlﬁcauon schemcs together with a suuablc numerical
can help in and in

better understanding the behaviour of the ground.
With the advent of a new statistical method of logging
the Q-system parameters and the more detailed joint and
rock mass descriptors (JRC, JCS and ¢,), the empirical
and numerical approaches have recently been suitably
integrated [3,4], The mapped geotechnical data together
wuh the Q-system parameters can be conveniently

d into models for predi the
bch:mom of the rock mass and for validating the
i derived rei The i

between the potentially relevant variables for engin-
eering design, such as rock type, discontinuities, stress,

07
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Numerical models serve as useful tools in si

opemns. lhc Jommd rock may slip or separate along
and the of the rock

the response of discontinuous media subjected to
loading. The Discrete Element Method, UDEC
[Universal Distinct Element Code, (Cundall (1980)
Cundall and Hart (1993)] |s a powerful

blocks may occur through u-anshuon:l or mu:uonal
shear. A clear of the
behnvxour of rock joints is important for analysing

um modelli for the

and in jointed
rock masses. Several joint constitutive models have

of jointed lock masses j to quasi-static or
dynamic loading conditions. In this method, the
deformations and volumetric changes of the intact
rock material (blocks) as well as the shear and
normal displacements along the joints are included.

Due to the high degree of non-linearity of the sys-
tems being modelled, explicit (as opposed to impli-
cit) numerical solution techniques are favoured for
codes like UDEC (Universal Distinct Element
Code). In this technique no matrices are formed as
the procedure marches forward in small steps en-
suring final equilibrium at each material integration
point in the model.

The mechanical behaviour of a jonmcd rock ‘mass is
strongly affected by the iour of

been developed in the past two decades for provi-
ding a realistic simulation of the mechanical beha-
viour of rock discontinuities. (e.g., Barton (1982)
and Barton and Bandis (1990), Cundall and Hart
(1984), Saeb and Amadei (1992), and Souley and
Homand (1995). However, it is still customary
among many numerical modellers to use the non-
realistic linear-elastic Mohr-Coulomb joint constitu-
tive model. This may be attributed to its computa-
tional efficiency in numerical codes and the assumed
availability of the Mohr-Coulomb parameters for the
cohesion intercept and friction angle in the literature.

Thls paper compares the msulls from numerical
of the of a rock
mass usmg the non-linear Barton-Bandis (BB) joint

Therefore, an inevitable component of many numeri-
cal techniques is the constitutive model of disconti-
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model with those from the Mohr-
Coulomb (MC) model. The numerical modelling of
block size effects and the influence of joint




JOINT APERTURE AND ROUGHNESS IN THE PREDICTION
OF FLOW AND GROUTABILITY OF ROCK MASSES
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ABSTRACT

Changes in the geometry of rock joints following changes in the state of normal and shear stresses affect rock
to rock contacts, roughness, aperture and tortuosity of flow channels. The paper discusses the role performed
by the effective physical aperture E (or AE) and its relation with the theoretical aperture e (or Ae) used in the
Pml plate analogy for flow in rock joints. The influ of joint wall is di d in terms of the
Joint roughness coefficient JRC (Barton and Choubey, 1977) and the relative roughness concept (Lomize.
1951). The behaviour of the ratio E/e and the simultaneous influence of roughness and aperture on i]ou.'
thro\tg.h rock :‘;oinxs xsamlvsad n lcndns A‘:gb; hydl.r:;lic conductivity of a joint for varied JRC and relative
ughness, using empirical i leri om Ty i icti i
i aﬁern?;oming o el do ratory work. Grouting prediction and behaviour of the

KEYWORDS

Rock joints, aperture, roughness, shearing, flow, coupled JRC. hydrauli i
roughness, groutability. pear ' prrelaie

1 INTRODUCTION

_Changes in the hydmulif; conductivity of rock joints induced by changes in normal or shear stresses are
it for the of the hyd: hanical behaviour of rock masses and grouting prediction.

Basic phenomena related to these problems havf been studied by many authors, since the 1970's (Jouanna,

1972; Louis, 1974; Gale, 1975; Iwai, 1976; Whitherspoon at. al., 1979, among others). These
3 3 3 3 5 3 . al, 3 i researchers
aimed most of the time to evaluate the effect of normal stress on the hydraulic c::ﬁducuvn)y of the rock jo;!s.

Coupled methods related to changes in normal or shear stresses however, increased substanti i

s only in the
last 15 years probably due to the needs of the nuclear waste and petroleum industries, and du':l:}c; tl‘:cbadvenl
of personal and seq ‘ in ical modelling of rock masses and rock joints. There
was therefore a need for extensive experimental testing to obtain relevant input data and behavioural laws.

Following this trend, some of the major factors controlling flow through rock joi i i

F O C Joints were extensively studied
in the laboratory and simulated by modelling (Gale, 1982; Bandis et al., 1983; Barton, 1985; Barton et al,
1985; Makurat and Barton, 1985; Raven and Gale, 1985, Hakami and Barton, 1990; Esaki et al., 1995
Makurat and Gutierrez, 1995, among others). ’
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The Disturbed Zone Around Tunnels in Jointed Rock Masses

B. SHENt?
N. BARTONt

1. INTRODUCTION

The disturbed zone around an excavation is a region
where the original state of the in situ rock mass, such as
stress, strain, rock stability, water flow, etc. has been
affected. The definition of the disturbed zone depends on
the nature or the purpose of the excavation. For
instance, the disturbed zone of a road tunnel normally
means the region where rock blocks have undergone
notable displacement or the tangential stress shows a
major increase. The displacement and stresses are the
factors controlling the tunnel stability. For nuclear waste
disposal however, the disturbed zone around a

ition tunnel is more 1y i the area
where joint movement (open or sliding) occurs. The joint
movement in this case is of more concern than the
tunnel’s local stability because it changes the water flow,
and hence increases the possibility for radioactive
material migration.

In both cases, joints in the rock mass play a key role
in the development of the disturbed zone. Joints can
create loose blocks near the tunnel profile and cause
local instability [1]; joints weaken the rock mass and
enlarge the displacement zone caused by excavations
[2.3); and joints change the water flow em in the
vicinity of the excavation due to the channelling effect
[4).

According to the frequency of jointing, a rock mass
may be described as “intact™ (without joint), “'sparsely
jointed™ (with a few joints), “jointed™ (with several
intersecting joint sets) and “he: ointed™ (with
closely spaced and intersecting joint sets). These
descriptive terms are approximate and depend on the
joint spacing relative to the dimension of the excavation.

In this study, we have investigated the effect of joint
spacing on the size and shape of the disturbed zone
around a tunnel. A 2-D distinct element code, UDEC,
is used to model the tunnel excavation in a simply jointed
rock mass. An analytical method was also used to verify
the numerical results. Rock masses ranging from intact
rock to heavily jointed rock (joint spacing less than 1/16
of tunnel diameter) are studied. The influence of

tNorwegian Geotechnical Institute (NGI). Oslo. Norway

$Author to whom correspondence should be addressed at CSIRO.
Division of Exploration and Mining. PO Box 883. Kenmore. Qid
4069, Australia.
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boundary condition and in situ stress condition on the
disturbed zone is also studied.

2. UDEC MODELS

The models have the dimension of 56 x 56 m, which
facilitates the excavation of a tunnel with a diameter of
20 m in the centre of the model. Two sets of persistent
joints, both dipping 45° but being perpendicular with
each other, cut the model into blocks with regular
shapes. Joint spacing varies from 7.2 to 1.2 m in different
models and the number of blocks in the models ranges
from 250 to 10,000, Four models are used in studying the
effect of joint spacing. They are (Fig. 1):

Model  Joint spacing (m)  Number of blocks
m

No. 1 12 250
No. 2 36m 1000
No. 3 1.8m 4000
No. 4 12m 10000

In this study, the joints are assumed to be
Mohr-Coulomb joints, i.¢. elasto-perfectly plastic joints.
The blocks are treated as elastic blocks. The properties
of the rock blocks and joints are listed in Table 1.

For all the above four models, a stress condition of
@, =20 MPa and ¢, = 5 MPa is assumed. These values
represents the gravity-induced stresses at a depth of
about 700 m. For model No. 3, an additional stress state
g, = 20 MPa and o, = 10 MPa) is also applied in order
10 study the influence of stress state on the disturbed
zone.

Models No. 1-4 are assigned roller boundary
condition for all the boundaries except the top one on
which stresses are applied instead. Two additional
calculations are carried out with model No. 3 to study
the sensitivity of boundary conditions. The two ad-
ditional boundary conditions used are: stress boundaries
and mixed stress-displacement boundaries. The first one
represents the boundary condition usually used in
laboratory tests, where the loading stresses are ensured
while the block movement is not limited. The second one
is to apply a stress boundary for the first few hundred
cycles in UDEC (initial loading without equilibrium)
and then change to roller boundaries. This is a technique

Fiber reinforced shotcrete simulation using the discrete element method

P. Chryssanthakis and N. Barton
Norwegian Geotechnical Institute, Oslo, Norway

L. Lorig and M. Christianson
Itasca C Iting Group, Mi lis, Mi USA

Y.H. Suh
Hyundai Institute of Construction Technology, Seoul, Korea

ABSTRACT: Fiber reinforced shotcrete has been widely used as part of permanent tunnel support during the
last 15 years especially in ion with the application of the Norwegian Method of Tunnelling (NMT).
The interaction of the fiber reinforced shotcrete and the rock bolt reinforcement can now be numerically
modelled with the Distinct element method (DEM). The discontinuous code UDEC (Universal Distinct
Element Code) is used to investigate the overall stability of an excavation, to predict the expected stresses and
deformations caused by the ion and to i igate the optimal ion sequence to be followed. The
jointed rock geometry of Hyundai’s shallow test tunnel in jointed biotite gneiss has been considered for
demonstrating the fiber reinforced shotcrete, S(fr), subroutine. The results have shown that by using S(fr) and
subsequently rock bolts as primary support in the tunnel, the load attained by some of the rock bolts is reduced

Quantitative Description of Rock Masses for the
Design of NMT Reinforcement

* Nick Barton

Norwegian Geotechnical Institute, Oslo, Nonway

ABSTRACT

by approximately half compared to the case were only rock bolts were used.

1 INTRODUCTION

The Norwegian Geotechnical Institute (NGI) of Oslo
has been involved in a joint effort with Itasca Con-
sulting Group for establishing an algorithm for im-
proved simulation of the behaviour of fiber rein-
forced shotcrete S(fr) in multiple layers in under-
ground structures. A special S(fr) subroutine that
was developed by Itasca and financed by NGI has

2 THEORETICAL BACKGROUND FOR THE
FIBER REINFORCED SHOTCRETE

The structural elements in UDEC can be used to
model the effect of fiber reinforced shotcrete on any
rock surface. The area of application of the shotcrete
is specified and UDEC automatically creates the ele-
ments necessary to represent a uniformly applied
layer. The material behaviour model associated with
the element ion in UDEC simu-

been incorporated in UDEC (the two d i
Universal Distinct Element Code). In NGI's model-
ling work the UDEC-BB version is generally used.
This is a special version of UDEC that includes the
Barton - Bandis joint constitutive model (Barton and
Bandis 1990).

A project that NGI and Hyundai Institute of
Construction Technology (HICT) were involved in
1996 in Seoul has been chosen as an example to
demonstrate  the use of S(fr) in UDEC-BB.

lates the inelastic behaviour representative of many
common surface-lining materials. This includes non-
4 1 andoeei 3 i i

such as concrete and fiber-reinforced shotcrete, that
can exhibit either brittle or ductile behaviour as well
as materials such as steel, that behave in a ductile
manner. The behaviour of the material model used
for S(fr) can be shown on a moment-thrust inter-
z{:(ion diagram, see Figure 1. Moment-thrust

Modelling work was p in
NGI and Hyundai and in situ measurements have
been taken to be compared with the numerical
results. The work involved a tunnel in Hyundai's
test station (span 5.4, height 6.4 m) in biotite gneiss.
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2! are y used in the design of con-
crete columns. These diagrams illustrate the maxi-
mum force that can be applied to a typical section for
various eccentricities (¢). The ultimate failure enve-
lopes for i and rei it
materials are similar. However, reinforced materials
have a residual capacity that remains after failure at
the ultimate load. Non-reinforced cementitious
materials have no residual capacity.

The different merits of TBM, and drill-and-blast tunnelling are compared, together with the
support design philosophies of NATM (analyse-monitor) and NMT (analytical-empirical).
Details of the NMT method are given, including the investigation, design, ion and
contractual aspects. Improved methods have been developed for interpreting seismic data,
where the velocity - Q-value relationship is modified by depth and rock strength and porosity.
Extensive recent data on tunnel convergence and Q-values for tunnels of different size
indicate a simple relationship between span, Q-value and convergence, which can be used to
assist in confirmation of support class when tunnel logging. The method can also be used in
back-analyses to estimate stress ratios. A simple relationship between RMR and Q allows
stand-up time to be estimated, which can be useful in assessing TMB problems.

INTRODUCTION

Slow development, evolution and occasional revolution could be used to describe the
developments made in the last 100 years of tunnelling. It may be reasonable to claim that the
invention and development of the TBM, the road header, the hydraulic drill, rock bolts and
shotcrete have each revolutionised the practice of tunnelling. Within each class there have
been important evolutions, such as earth pressure balance (EPB) machines, rock bolts with
plastic sheaths (CT) and sh with fiber S(fr), to name just a few.

Methods of tunnel design have also developed slowly, but there has been evolution and
occasional revolution here also. The use of empirical design methods has evolved following
slow developments, and the use of displacement monitoring likewise. Possibly we would be
correct in describing discontinuum modelling as a revolution in relation to earlier continuum
modelling.

In parallel with tunnelling methods (e.g. TBM, roadheader or drill-and-blast) and tunnel
design (e.g. empirical or analytical or instrumental) there seem to have developed some fairly
distinct schools of tunnelling which utilise different principles. Each get the job done but
different speeds of construction (m/week) and different costs ($/m) are an inevitable
consequence.
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Excavating in weak rocks with the Norwegian Method of Tunnelling (NMT)
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ABSTRACT: The updated Q-system for rock mass classification and support selection and the use of modern
materials such as wet process fiber rei S(fr), bolts, and rei ribs of
shotcrete, RRS, are essential elements of the Norwegian Method of Tunnelling (NMT). The Norwegian
Geotechnical Institute of Oslo has been involved in a joint venture with Contractor C.J.Sarantopoulos S.A and
Consulting Group Axon Ltd for the study and construction of the first tunnel project in Patras, Greece, using
principles from the Norwegian Method of Tunnelling (NMT). This project comprises the construction of a
bypass highway, with twin tunnels, scheduled to open by year 2001, in weak marl formation with sandy
interbeddings. The twin tunnels with an approximate length of 650 m have a designed pillar thickness of 16
m. The Q - system was used for the classification of the rock mass which could be characterised as extremely
poor to very poor with Q - values ranging between 0.01 and 0.3.

RESUME: Le syst¢eme Q de ification des masses rock et de sélection de la méthode de souténement,
ainsi que I'utilisation de matériaux modernes tels que le béton projeté renforcé avec des fibres d' acier, S(fr), le
boulonnage anticorrosion, le cintres en gunite renforcés, RRS, sont des éléments essentiels de la méthode
norvégienne de construction des tunnels (NMT). L'Institut de Géotechnique Norvégien d'Oslo a été impliqué
dans un projet multilatéral avec le maitre d'ouvrage C.J. Sarantopoulos S.A. et le bureau d'études Axon Ltd
pour I'étude et la construction d' un premier projet de tunnels & Patras, Gréce, basé sur les principes de la
méthode NMT. Le projet p la d'une voie d* avec deux tunnels jumelés, dont
I'ouverture est prévue pour 2001, dans des i peu rési avec des bancs sablonneux.
Les deux tunnels, d'une longueur approximative de 650 métres, ont une épaisseur de pilier de 16 metres. Le
systtme Q a été utilisé pour la classification de la masse marneuse, qui peut étre caractérisé comme
extrémement faible 2 trés faible, les valeurs Q variant entre 0.01 et 0.3.

1 INTRODUCTION Several extensometers were installed in three

L . . different locations in the test tunnel. The roof
Due to uncertainties in connection with the ground  extensometers of Section C at 35.0 m from the
conditions revealed in core logs, a pilot tunnel 40 m  enrance reached values of about 13 and 11 mm at
in length, in a nearby location of the twin tnnels | 5m and 2.5m from the arch crown respectively
with nearly quadratic cross section W“h.dmfﬂ“SiO"S before they were stabilised. Surprisingly good results
2 x 2 m, was ﬁr§( excavated. Sevefal in situ tests  were derived from the bolt pull-out tests on site.
such as plate loading tests for determination of the E The five tested fully grouted bolts of effective
modulus, deformation measurements for the elastic  grouting length of only 1.25m were able to take
response of the rock mass and bolt pull out tests for  Joads ranging between 7.9 and 17.2 tnf. Failure on
the determination of shear strength of the material  the pull-out tests occurred between grouting and
were performed. All these in situ tests provided  rock. The maximum shear stress during the bolt pull-
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ROCK MASS CHARACTERIZATION FROM SEISMIC
MEASUREMENTS

by Nick Barton
Visiting Professor, USP, Siio Paulo, Brazil
Technical Adviser, NGI, Oslo, Norway

1. INTRODUCTION

“Nature has left us an i and often well record of her activities, and no “as
constructed” drawings”! These introductory remarks from Stapledon and Rissler (1983) who
were General Reporters at the ISRM Congress in Melbourne can be utilized as one of the
justlfxcauons for performing geophysical surveys. Before drilling begins at a site we must produce
p inary plans of i igation that will produce useful guidelines for the next more detailed
stage of investigation. If a model is already available for converting seismic velocities into
preliminary rock engineering data (rock quality, deformability, rock support needs, etc.) we can
focus the next phase of drilling and associated testing more clearly on a set of objectives. The

bjectives will g ly be to optimise the safety and of that which is to be constructed
Low velocity and potentially high permeability zones will be the natural focus of attention, though
in a TBM tunnelling project we may also be concerned by too much high velocity rock, due to the
slow progress made in hard, sparsely jointed rock

In this connection, a velocity of 2.5 km/sec for massive chalk marl of high porosity will have
entirely different consequences to that of a regional fault of the same velocity crossing a Japanese
high speed rail tunnel, and delaying progress by months, while world record speeds of boring are
achieved in the chalk marl, perhaps even 1.5 km/month. The natural velocity of the unjointed rock
under in situ conditions (Sjégren et al. 1979), and the contrast seen in low velocity zones is the
main index of difficulty, since an order of magnitude reduction in Q-value (rock quality) may
accompany each 1.0 km/sec reduction in seismic velocity.

2. SHALLOW REFRACTION SEISMIC

Shallow refraction seismic for first arrival, compressional P-wave
velocities close to the surface can give a remarkable picture of near surface conditions due to
some ions of physical p Firstly, ing and the usual lack of

significant stress near the surface has allowed joint systems, shear zones and faults to be
exaggerated in both their extent and severity. Secondly stress levels are low enough to allow
joints and discontinuities to be seismically visible due to their measurable apertures. So-called
acoustic closure occurs at greater depths than those usually penetrated by conventional hammer
seismic, unless rock strengths are rather low.

The example of joints in chalk marl at the Chinnor Tunnel in the UK closing at about 15 meters
depth (Hudson et al. 1980) to give a stable 1.6 km/sec field velocity (Figure 1) can be contrasted
to the saturated joints in gneiss at the Gjovik cavern in Norway, which gave a continuous rize in
velocity from 3.5 to 5.5 km/sec in the first 50 meters depth due to increased stress, yet had almost
unchanged rock quality (Barton et al. 1994).
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TBM performance
estimation in rock

Nick Barton, Technical Adviser, NGI,

]
Norway, Visiting Professor at the
. University of Sao Paulo, Brazil, has
developed a new method for predicting
penetration rate (PR) and advance rate

(AR) for TBM tunnelling. This method is
based on an expanded Q-system of rock
mass classification and average cutter
Jforce in relation to the appropriate rock
mass strength. Orientation of fabric or
Jjoint structure is accounted for, together
with the compressive or point load
(tensile) strength of the rock. The
abrasive or non-abrasive nature of the
rock is incorporated via the University
af Trondheim cutter life index (CLI).
Rock stress level is also considered. The
new parameter Qrpye can be estimated
during feasibility studies, and can also
4 /\ \ ,\\t( S 4 beback calculated from TEM

\ AN | performance during tunnelling,

BM tunnelling may give exiremes of
15km/year and 15miyear, sometimes.
even less. The axpectation of fast tun-
nelling places great responsibility on
those evaluating the geokogy and hy-

drogeolgy alang & plarned tunnel route. When rock

conditions are reasonably good, a TBM may be two

Fig 1. The challenge 10 four times faster than drll+blast. The problems e

: I'I':“" ":':"' in the extromes of rock mass quaiity, whicn can be
o “"“"“‘uuna_m""‘“‘m‘ Both oo bad, as  Fig 1, and 100 good (no winls).
o ‘whera alternatives Lo TBM methods may be faster.

Thers has oesn & long-stancing chalenge to de-
velop a link batwesn rock mass charactensation and
essentia’ machine charactenstis such as cutter 0ad
and cutter wear, 50 that surprising ates of advarce
{or sloviness) become the expected rates, Even from
2 1967 TBM tunnel Hobbins” could report 7.5km of

Yet, earber in the same project, 270m of unexpocted
qlacial debris frad taken naarly seven months. Ad-
vancs rates (AR) of 2.5mh that can dedin 1o
o ; it

a quantitative rack mass classfication.

A penetration rate (PF) pushing 10:vh for short pe-
riods is 50 different fram an advancs rats through a
major regionl fauit zone as slow &8 0,005 0vh that a
large range of auality seems o be required. The new
Parameter G, an range over 12 orders of magni-
tude but sach end of the scale is exceptionally un-
favourable for progress and prosect economy.
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General report concerning some 20th century lessons and 21st century
challenges in applied rock mechanics, safety and control of the environment

Rapport général concernant quelques legons du 20iéme siécle et défis du 21ieme siecle
en mécanique des roches appliquée et sireté et contrdle de I'environnement
Bericht {iber angewandte Felsmechanik, Sicherheit und Kontrolle der Umwelt-Erfahrungen
aus dem 20. Jahrhundert und Herausforderungen fiir das néchste Jahrhundert

NICK BARTON, Nick Barton & Associates, Oslo, Norway & Visiting Professor, USP, Sao Paulo, Brazil

ABSTRACT: Application of rock mechanics in civil and mining engineering is reviewed, based on perceived weaknesses and
strengths, and based on the wide range of topics presenied at the Paris Congress of ISRM. Arguements are put forward for making
improvements in some basic areas such of stress transformation in dilatent materials, and in constitutive modelling of rock masses,
both of which may be missing some basic concepts of behaviour. The wide reaching effects of dilation and anisotropic properties and
boundary conditions are emphasised. Rock mass classification and empirical design is also reviewed. Such methods are the inevitable
consequence both of the complexity of rock masses and of the world-wide volume of construction activities in jointed rock. Useful
and simple links between classification and input data for design and verification are emphasised, using an extended Q-system and a
recent development called Qg Continuum and discontinuum modelling are compared. It is concluded that the modell
components; rock, rock joints, and discontinuities is far more logical and technically relevant than present "black-box™ c
models. Excavations larger than boreholes usually mobilize joints or fabric in their response which s often anisotropic, and neglect of
this represents a serious and uneccessary error. Coupled behaviour adds to the misconceptions that may be spawned by inappropriate
continuum modelling

RESUME: L'application de la mécanique des roches au génie civil et minier est passée en revue, selon les faiblesses et points forts
ressentis, et la gamme étendue des sujets présentés au congrds de la SIMR 2 Paris. Quelques arguments sont avancés pour améliorer
certains points dans des domaines de base, comme la transformation des contraintes dans les matériaux dilatants, et les lois de
comportement des massifs rocheux, tous deux des domaines dans lesquels des concepts de base du comportement pourraient étre
manquants. Les effets innombrables de dilatation, propriéiés anisotropes et conditions aux limites sont soulignés. Les systémes de
classification du massif rocheux et de la conception empirique sont aussi passés en revue. Ces méthodes sont la conséquence
inévitable 2 la fois de Ja complexité des massifs rocheux. et du volume mondial de construction en milieu fissuré. Des relations
simples et utiles entre méthode de classification et données d'entrée pour la conception et vérification sont soulignées, en utilisant le
systéme Q et un récent développement appelé Qrpy Des résultats de modélisation continue et discontinue sont comparés, 11 est conclu
que la modélisation des composants, roche, joints et discontinuités est, de beaucoup, plus logique et appropriée que les modéles
existants continus type "boite-noire”. Les excavations plus larges que des trous de forage sollicitent lors de leur réponse, souvent
anisotrope, les joints ou fabrique de la roche, et le fait de négliger cet aspect représente une erreur sérieuse et inutile. Les
comportements couplés ajoutent aux erreurs de jugement, qu'une modélisation continue inappropriée pourrait décupler.

Die folgende geben cinen Uberblick dber Anwendung der Felsmechanik in den Bereichen Bau-
und Grubeningenicurwesen, auf der Grundlage bekannter Schwiichen und Stirken und im Hinblick auf die Fulle von Themen, die auf
dem ISRM Kongress in P:ms \Orgcslclll wurdu\ Vcrbeswmngsmrschl:\ge wurden in einigen Grundbereichen gemacht, wie z.B.

und des von Fels, welche beide
Mingel in dcr aufweisen konnen. Die i i von Dilatanz, ani

und G werden Ausserdem werden die Klassifikation von Fels und empirische
Designmethoden besprochen. Solche Methoden sind cine notwendige Folge der Komplexitit des Fels und des weltweiten Umfangs
der Bauaktivititen in gekliftetem Fels. Die niitzliche und cmfuchc i \g zwischen K und mrd an
Hand des erweiterten Q-Systems und der Qram i i und di:
Simulierungen werden verglichen. Der Autor kommt zu der dass die i der
Fels, Kliifte und Trennfliichen weitaus mehr logisch und technisch rclcvanl ist, als i "black box™

Modelle. grosser als cine Reaktion der Kliftc und der Matrix. Dic

die: ionen stellt cinen und Fehler dar. Gekoppelte Prozesse und auf
mtimlichen Ansahmen beruhende kontinuieriche Simulienungen, tragen weitechin zum magelhaten Verstindois der oben
beschriebenen Vorginge bei
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Rock joint and rock mass characterization at Sellafield

Rajinder Bhasin, Nick Barton & Axel Makurat
Norwegian Geotechnical Institute, Oslo, Norway
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Mount Isa, Australia

Alan Hooper
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ABSTRACT: The NGI methods of characterizing rock joints and rock masses were utilized extensively in

by United Kingdom Nirex Limited (Nirex) at Sellafield to determine

whether it was suitable as the location for a deep geological repository for radioactive wastes. In addition to
the standard rock mechanical laboratory testing of joints, coupled shear flow testing (CSFT) was also per-

apertures. The objectives of the

formed on natural rock joints for i the magni

CSFT tests were to produce site specific data, albeit on small scale samples, so that the effects of norm

of joint

and

shear stress changes, closure and shearing, could be evaluated and compared with the patterns of behaviour

caverns.

by 1 of the disturbed zone which would be caused by excavation of disposal

Preliminary rock reinforcement designs for the conceptual disposal caverns were derived from the Q-system
statistics. Numerical modelling using UDEC-BB was carried out for predicting the behaviour. The purpose of

ical was o i i the potential stability of various sizes of rock caverns and in particular
the rock reinforcement (predicting bolt loads and rock deformations), the extent of the disturbed zone (joint
shearing and hydraulic aperture) with respect to cavern orientation, the effect of pillar widths, and the effect of

cavern excavation sequence.

1 INTRODUCTION

The NGI methods of characterizing rock joints (us-
ing JRC, JCS and ¢,) and characterizing rock masses
(using the Q-system of Barton et al, 1974) formed
the basis for NGI's participation in the site charac-
terization p at Sellafield to i

whether the site was suitable as the location for a
deep waste repository for the disposal of the UK's
intermediate-level and certain low-level solid radio-
active wastes (Nirex, 1997). A special geotechnical
logging chart (sce Fig. 1)was developed for record-
ing and presenting key engineering geological pa-
rameters including the data required for rock mass
classification purposes (Q-system). This PC based
chart has allowed the data logged from different ar-
eas around the project site to be combined enabling
input data files to be set up for numerical modelling
of sections of the underground excavations. Ad-
vanced rock mechanics testing of joints which in-
clude coupled shear flow conductivity tests (CSFT)
were performed on natural joints from the sedimen-
tary and volcanic rocks. The CSFT testing apparatus,
which was designed by NGI, helped derive the ex-
perimental data needed to quantify the effect of joint

deformation on conductivity (Makurat et al, 1990).
Rock reinforcement designs were evaluated using
the Norwegian Method of Tunnelling (NMT) con-
cepts (Barton et al, 1992).

2 JOINT CHARACTERIZATION AT
SELLAFIELD

2.1 Joint shear strength parameters

Index tests to determine JRC (tilt tests, pull tests
and profiling), JCS (Schmidt hammer tests), ¢, (tilt
tests, pull tests and Schmidt hammer) were carried
out on joints recovered in the 96 mm diameter drill
core. The NGI methods of tilt testing and Schmidt
hammer testing are described in detail by (Barton
and Choubey, 1977 and by Barton and Bandis,
1990).

The original form of the non-linear «JRC - JCS»
criterion for predicting the shear strength of rock
joints (Barton and Choubey, 1977) is written as:

=0, lan[JRC‘Iog[fog]+0,j| 1)

Rock mass classification for choosing between TBM and drill-
and-blast or a hybrid solution

N. Barton
Barton & Associates, Oslo, Sdo Paulo

ABSTRACT: The speeds of TBM tunnelling and drill-and-blast tunnelling are compa i
the new Qray model for TBM performance estimation, and the ¢ e Q-val':x; el'g,rlfds::l’lg
aqd-blasl prognoses. By using these two methods it can be estimated whether a hybrid solution
might be the most economic and timely. For instance one would drill-and-blast the most prob-
lematic ground, if early access was feasible, while waiting for TBM delivery. A hybrid solution
was used at the 18 km long Qinling Tunnel in China, and is also planned in Brazil, where abra-
sive, massive rocks occur at both ends of the tunnel. Logging methods that can conveniently be
used to describe the ground, including the use of seismic, are described in this paper, together
with some of the details of the Qray method, including a worked example.

1 INTRODUCTION

The pressing need for fast tunnelling solutions for infrastructure development has naturally fo-
cussed attention on TBM tunnelling. In hydropower development an even more obvious need
for TBM tunnelling is apparent, due to the potentially favourable smooth profile obtained if the
rock mass has favourable properties.

Western countries noted with interest the recent introduction of two large TBM into China for
a planned 27-month completion of the 18.5 km long Qinling rail tunnel. The hard granites and
very hard gneiss reportedly gave best penetration rates of about 4 m/hr but slowed to only 0.3
m/hr in the hardest gneiss. Besides the reportedly massive rock, an overburden as high as 1600
m, and averaging 1000 m, probably played its part in slowing the machines. Utilisation was less
than 30% in a 24-hour day on average, and cutter wear was significant (Wallis, 2000).

A political decision to drill-and-blast the central section of the tunnel to bring forward com-
pletion deadlines, while the two TBM completed 5.3 and 5.6 km from the N and S portals con-
veplcntly _focuses attention on our subject "Choosing between TBM and drill-and-blast". A hy-
brid sol ining the benefits of both methods of tunnelling should always be carefully
assessed beforehand, and compared to the single solutions of one (or two) TBM, or drill-and-
blasting alone. How best to make this assessment?
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Nick BARTON y Eystein GRIMSTAD. NORWEGIAN GEOTECHNICAL INSTITUTE,

EL SISTEMA Q PARA LA SELECCION DEL SOSTENIMIENTO EN
EL METODO NORUEGO DE EXCAVACION DE TUNELES

1. INTRODUCCION

Con una superficie de 323.000 km? y una pobfacion de tan solo 4 millones de habitantes (lo que supone fa
densidad de poblacién mas baja de Europa), Noruega posee un nivel de construccion de tineles
absolutamente inusual. Durante los Gltimos ocho afios, se vienen excavando en dicho pais mas de 4 millones
de m’® de roca anuales de tineles y cavemas, Algunas de estas obras constituyen hitos importantes en el
campo de las obras subterraneas, como la Cavea Olimpica de Gjevik, de 62 m de luz, Fig. 1, los Proyectos
Hidroelé de Statkrait's y Ulia Ferre, el tinel submarino de Byfjord (de 5.8 km de longitud) o
los tineles gemelos de Oslo.
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etter to the

Rock Mass Characterisation
and Classification

The recent collection of articles in

BAU 4/2001 were of considerable
interest, treating as they did the contro-
versial question of rock mass classifica-
tion. As pointed out by at least one of
the authors, the more and more fre-
quent demand for numerical “verifica-
tion™ and the unfortunate attempts to
only apply continuum analyses means
that too many people are inputting an
obviously anisotropic rock mass, yet us-
ing an isotropic guesstimate of proper-
ties from RMR, GSI, RMi, and Q.

As author of the Q-system, which
was originally intended only to provide
permanent support solutions for tunnels
and caverns in jointed rock, 1 would join

tor

mate caro of all the smaller blocks that
one cannot possibly model discretely
Since 1995 a more accurate equation
that takes more account of the obviously
important effect of low (or high) uniaxi-
al compression strengths has been a-
vailable (3). This can easily predict a
rock mass modulus of less than 1 GPa,
thereby falling beneath the Seraphim
and Pereira modification of Bieniawski,
as appropriate to very young or weath-
ered rocks. The need to discretely mo-
del principal jointing may still apply.
rticle (1) on anisotropy con-
viously incorrect estimato
of the Q range (mostly 13 to 17.5) which
did not correspond correctly to the RMR
range (mostly 60 10 65). Despite this er-
ror, the assumption of zero radial con-
vergence using the  estimate is clearly

other authors in suggesting careful con-
sideration when using the inevitably ap-
proximate estimates of properties that
one can supposedly obtain from these
classification methods.

Speaking only of the Q value, I would
emphasise that a 1980 estimato of rock
mass modulus for relatively competent
rock (E m = 25 log Q) is a reasonable
mean value, provided that the (probably
anisotropic) most continuous jointing is
discrotely represented in a UDEC or
3DEC model. The modulus estimate,
even an isotropic one, takes approxi-

an - gence is
needed to give a stable arch, even if no
support s needed!

A rough rule of thumb (which can be
much improved) is that doformation in
mm is approximately equal to span in
meters divided by the Q-value. If the Q-
value is improved by pre-grouting (or by
pre-reinforcement!) the improved Q-
value, if estimable, will be the relevant
number here. Alber's assumption of
squeezing - “all but the Q-classif

from the author, Is 2 cm convergence
really considered a squeezing problem?
Hardly.

Finally, a comment about the Editors
editorial (2). Major shortcomings of
classification systems like Q or RMR will
casily be “documentod” if the person
concerned has this as his or her objec-
tive. It is also easy o try to criticize RQD
ifone really feels the need to discuss the
dramatic consequences of 9 cm or
11 em joint spacing!

Nevertheless RQD as a single rock
mass parameter, taking Deere’s instruc-
tion about competent or incompetent
rock seriously, is a remarkably good
starting point for classification. | sus-
pect that there are thousands of careful
users of RQD, RMR and Q who find
these methods of use 1o their profession,
despite the efforts of Schubert and
Riedmiiller. Are there some non-Aus-
trian, and non-Graz users who would
like to join the discussion?

Nick Barton, Oslo
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Abstract

This paper presents some results from hyd
suggested by Barton (Office of Nu

| shear tests and an improved version of the original model

Waste Isolation, Columbus, Ohio, ONWI-308, 1982. 96pp.) for the hydromechanical

coupling of rock joints. The original model was developed for coupling between mechanical and hydraulic aperture change during

normal loading and unloading. The method was also suggested for the coupling of shear dilation

nd hydraulic aperture changes.

The improved model has the same appearance as the original and s based on hydromechanical shear experiments on granite rock

joints. It includes both the mechanical and hydraulic aperture and the mobilised joint roughness coeflicient (JRC

Elsevier Science Ltd. All rights reserved.

). © 2001

1. Introduction

As a consequence of engineering works in a rock
mass, deformation of both the joints and intact rock will
usually occur as a result of the stress changes. Examples
of such works are repositories for radioactive waste,
dam foundations, excavation of tunnels and caverns,
geothermal energy plants. oil and gas production, etc.
Due to the stiffer rock matrix, most deformation occurs
in the joints, in the form of normal and shear
displacement. If the joints are rough, deformations will
also change the joint aperture and fluid flow.

Traditionally, fluid flow through rock joints has been
described by the cubic law, which follows the assumption
that the joints consist of two smooth, parallel plates. Real
rock joints, however, have rough walls and variable
aperture, as well as asperity areas where the two opposing
surfaces of the joint walls are in contact with each other.

According to this, apertures can generally be defined
as mechanical (geometrically measured such as with
epoxy injection) or hydraulic (measured by analysis of
the fluid flow).

*Corresponding author. Tel.; +47-6712-8000; fax: + 47-6712-8212
E-mail address: rol@@statkraftgroner.no (R, Olsson)
'Formerly at Chalmers University of Technology. Gothenburg.

Sweden
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1. Mechanical aperture (E)

The mechanical joint aperture (E) is defined as the
average point-to-point distance between two rock joint
surfaces (see Fig. 1), perpendicular o a selected plane. If
the joint surfaces are assumed to be parallel in the x—y
plane, then the aperture can be measured in the
direction. Often, a single, average value is used to define
the aperture, but it is also possible to describe it
stochastically. The aperture distribution of a joint is
only valid at a certain state of rock stress and pore
pressure. If the effective stress and/or the lateral position
between the surfaces changes, as during shearing, the
aperture distribution will also be changed.

Usually, the mechanical aperture is determined from a
two-dimentional (2-D) joint section, which is a part
compound of the real 3-D surface.

1.2. Hydraulic aperture

The hydraulic aperture (e) can be determined both
from laboratory fluid-flow experiments [1-4], and bore-
hole pump tests in the field (5.6].

Fluid flow through rock joints is often represented
(assumed) as laminar flow betw allel plate:
The equivalent, smooth wall hydraulic aperture (¢) can

The Editor,

Editorial Office. Tunnelling

& Underground Space Technology.
500 Hanley Road.

Minneapolis, MN 55426,
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(1) 763 541 1109 ¢

11% December 2001
Dear Sirs,
Deformation moduli and rock mass characterization

A recent article in your journal by Palmstrom and Singh (16. 2001, 115-131) drew
attention to the difficulties of interpreting the results of plate jacking and plate loading
tests. Although one may have reservations, the article is a useful contribution to the
literature. The authors compared some of the earlier and more recent classification
methods e.g. RMR. Q. and RMi (the latter developed by Palmstrem) and the degree to
which they correlated with the measured results from the reviewed loading tests. A
potential weakness of course is the correctness of the rock mass characterization at each
test site, but collection by mostly one organization may have minimised this source of
error.

Two of the older correlations between deformation modulus (which we can refer to as M)
and RMR and Q. date from Bieniawski. 1978 and Barton et al. 1980. These were
specifically for rockmasses at the higher end of the quality scale. namely RMR=>50 and
Q=1. Naturally their development was limited to the data base that was used at that time.
The error introduced if attempts are made to use such correlations outside the intended
range of the data base are clear. and hardly need to be emphasised. The authors’ Table 3.
showing the effects of varying uniaxial strength from 4 MPa to 200 MPa was a clear
example of the inadequacy of the 20 year-old Q-rclation as a general formulation for all
strengths of rock. This is because uniaxial strength did not appear explicitly in the 1980
formulation. as it was only designed to estimate moduli for rock masses with Q>1. As a
basis for distinct element modelling of medium strength rock masses. it has proved very
successtul.

The Norwegian first author is aware of the published improvements and
generalizations made between the Q-value. deformation modulus, and seismic velocity.
He was a guest, and seminar participant at NGI in the same period as their development.
Unfortunately. these widely published developments. including two ISRM congresses
and an international symposium in India. were not included in the Palmstrem and Singh
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A numerical study of cryogenic storage in underground
excavations with emphasis on the rock joint response
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L. Introduction

One of the most important problems related to
underground storage of cryogenics is to prevent leakage
of liquid and gas along joints that might be caused by
tensile stresses due to shrinkage of the rock mass around
the caverns [1]. This view is supported by conclusions
from continuum modelling of cryogenic storage in rock
that repeatedly have shown the development of very
large tensile stresses. that are identified to be the main
driving force for cracking. Cavern depths of prohibi-
tively large magnitude are needed to counteract these
tensile stresses through the development of high initial
tangential stresses following excavation

The use of numerical methods to simulate the
mechanical behaviour of rock masses requires knowl-
edge of the scale dependent stress-displacement beha-
viour of the rock joints. In general. behaviour close to
an excavation in jointed rock will tend to be quite
different from that predicted by isotropic, continuum
models [2]. In this region. one can expect the greatest
gradients of stress and deformation, which clearly calls

for an appropriate non-linear description of joint
behaviour. Since the behaviour of individual joints was
expected to significantly affect the size of the region
cking, a discontinuum code was used for the
modelling. The Universal Distinct Element Code
UDEC-BB (3] was selected. which has the ability to
calculate non-linear joint opening/closing/displacement
response to stress changes, according to the Barton
Bandis constitutive model [4-6].
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The present study considers greatly simplified geome-
tries: the objective was to investigate the separate effect
of different physical conditions such as jointing. stress
anisotropy and depth. Consequently the rock mass was
strongly idealised and some of the material parameters
t constant under different temperatures and
stress levels. Apart from one simulation, the cooling was
applied instantaneously which was believed 1o be

the worst case. Simplifications were made in order to
gain understanding. rather than to make absolute
predictions

One of the most difficult questions is the behaviour of
joints with cryogenic fluid. If the stor is unlined
and frozen down to —162°C. when the rock is cooled
and the joints start to open, say more than a couple
of millimetres, & part of the gas flows into the joints
and continues cooling inside the rock wall. This will
open the joints successively, and heavily increase the
cooled area and the extent of the cooling front
However, modelling such processes of connected cool-
ing-fluid behaviour were beyond the scope of this study
An important goal was to investigate the effect of non-
linear joint behaviour on the magnitude of joint opening
and tensile stress development caused by the general
rock shrinkage during cooling. In this way it may be
been done

correct to say that the numerical study
from the rock point of view, rather than from the fluid
point of view

Eight realisations have been modelled. with single
caverns of 25m diameter at 100 or 500m depth in
massive rock, with only two or three idealised.

continuous joints intersecting the caverns. In three of
the realisations, at 100m depth, the stress ratio was
varied systematically using ratios of 6y /@, = 0.5, 1.0 and
2.0. Another two of the realisations were run with
an extra oblique joint crossing the excavation. In an

The Editor.

Prof. Mare Panet.
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11% December 2001

Dear Sirs,

Water and stress are fundamental to rock mass characterization and classification.

A recent report from a rock mass classification workshop held in Australia in 2000,
which was reported by Palmstrom. Milne and Peck in your ISRM News Journal (August
2001. 6.3 : 40-41) may leave the impression that the subject of rock mass classification
has been definitively debated, and that an important conclusion has been reached for the
profession to follow. Regrettably. this desirable goal has clearly not been achieved in this
forum. as we will try to demeonstrate. Of concern, perhaps only to the undersigned. is the
fact that the developers of two of the principal classification methods under discussion.
were not able to give possible alternative points of view. Perhaps this will be permirted
in the pages of your ISRM News Journal.

The key dilemma is whether the “internal’ and ‘external’ so-called boundary conditions
of water and stress should be permitted in a rock mass characterization scheme. The latter
might be RMR. Q or the more recent RMi of Palmstrom. The problem is particularly
relevant here, since RMi does not include water and stress, and this new but complex
method was represented by its developer in Melbourne.

Firstly, one can address rock mass classification for preliminary empirical design of rock
mass reinforcement and tunnel support. Here it seems to be generally agreed that water
and stress parameters are ‘allowable’. and in fact are necessary components of the
classification. Their possible wide-reaching effects in excavation design are clear. and
many users understand the necessity of. for instance, Jw and SRF i the Q-system. The
close correlation between the six-parameter Q-value and the necessary quantities of B +
S(fr). were shown by Grimstad and Barton. 1993, in a major Q-system support-
recommendation update, which now includes some 1260 case records.

Secondly. there is the problem of rock mass characterization of relevant rock units at
appropriate depths for a future rock engineering project. Prior to excavation, the ‘virgin’
rock mass qualities and correlated design parameters like deformation modulus, may be
required as input data for modelling. The correct interpretation of seismic velocities
obtained from shallow refraction seismic. or from deeper reaching VSP. or from focussed
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[ GUEST EDITORIAL i

Destructive criticism - constructive thoughts.

The violent events that we have recently witnessed, as always, are due to different points
of view of what is right and what is wrong. The ‘right’ to a certain point of view, and a
destructive action, will nevertheless require a vigorous response. Let us draw some
lighter-hearted parallels, closer to our profession.

Those who criticise a supposedly benign entity like RQD. can have a field day
demonstrating what happens if joint spacing is a uniform 9cm in one stretch of core, and
l1cm in the next. The same argument can be applied to RMR and Q. But we have a right
to respond vigorously in defence of Deere's RQD. if we nevertheless believe that the
‘core stick >10cm’ technique, lies in a useful range for differentiating most of our rock
engineering problems.

Readers of ISRM News Journal will recently have seen the opinion that joint spacing.
number of joint sets and RQD do a poor job of quantifying block size. An alternative
method (unlike RQD) is capable of quantifying block sizes of 1000. 10,000 or even
100,000m’, as if this was the region where we needed solutions. We have a right to resist
such anarchy, and defend the traditional point of view that joint spacing, and number of
joint sets (already sufficient) and RQD, actually give a very good quantification of block
size, especially in the area where our problems lie.

Your benign and colourful sub-continent is being violently pushed towards the north.
throwing up constant challenges to hydropower developers in the lower Himalayas. The
signs of a violent past are everywhere evident, but you resist these forces with admirable
vigour, and accept the need for flexibility - like the bulldozer-drivers on constant stand-
by, ready to use a new sector of the creeping hillside for today's road. Visitors fortunate
enough to sample just a few of the problems, come away with hydrogeological lessons
that last a lifetime.

A TBM that grinds to a halt in massive quartzite, that later gets buried in sand, gravel
and water needing a dedicated drainage tunnel, that gets squeezed in phyllite, and finally
succumbs to permanent burial in a deep, unplanned graveyard. bears witness to heroic
struggles, which are sometimes only solved by admitting defeat, Comparing these
realities with another of nature's wonders, the Sugar Loaf monolith in Rio de Janeiro,
which has not been challenged by continental plate collisions, it is clear that we really

need classification and characterization methods that stretch over many orders of

magnitude. They also need to be fully coupled, to tackle the huge ranges of properties
exhibited by present-day hydrogeologies — following millions of years of geometric
turmoil, and too many millennia in the rain and sun.
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Rock joint sealing experiments using an ultra fine cement grout

Rajinder Bhasin
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ABSTRACT: Rock joint

s have been conducted in a laboratory using a bi-axial coupled

shear- flow test apparatus (CSFT). The laboratory fest programme was designed to mvestigate the penetrative
potential of a grout using different water/cement ratios on joints having different joint roughness (JRC) and
Joint conductng aperture in different stress conditions (tofal normal stress. joint water pressure and grouting
pressure). The results indicate that joints with a conducting aperture () as small as approximately 25 microns

can be groufed using a stable mixfure of superfine

cement, water and a super plashc:zﬂ (dispersing agent).

The penetration capacity of a specific cement grout depends in addition to the joint’s characteristics. on the
maximum grain size, the water/cement ratio and the mjection pressure used. The tests reveal that the mimi-
nnnnphysl:alapeﬂme(E)thaicanbequulﬂimnE.pundsmappmnmm i four times the cement’s maxi-

mm grain size,

1 INTRODUCTION

many cases water leakages are governed by
ﬂuwalrmgﬂle]omls Anv of how the

grout mixture was injected in the joint samples with

mcreasing mnjection pressures. The rate of grout flow

and the injection pressure versus time were recorded
y to study the penetrability of a grout.

groundwater moves in rocks is one of the most im-
portant factors i the solution of rock engineering
problems. This is especially true with regards to the
planning and design of tunnels, storage caverns and
underground waste disposals. Concemning muclear
‘waste repository safety a key aspect is the confidence
of being able to successfully seal underground exca-
vations and demonsirate methods of reducing the
pexmcablhty of adjacent rock by sealing joints and

This paper describes the laboratory sealing ex-
periments conducted on rock joinfs using a unique
testing equipment designed by NGI. The equipment,
called coupled shear flow temperature testing
(CSFD apparatus. has basically been used to derive

experimental data needed to quantify the effect
of joint deformation on joint conductivity (Fig. 1).
With the CSFT apparatus, joints can be closed.

sheared and dilated under controlled normal stress
conditions and at the same time cold or hot fluids
can be flushed through the joint. Deformations. flow
rate and stresses are recorded simmltaneously. The
CSFT test is designed to simulate as closely as pos-
sible the in situ state of critical joints and its modifi-
cation by increases or decreases in normal and/or
shear stress. In the present series of tests cement
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2 PENETRATION POTENTIAL OF GROUT
MIXES

From a rheological point of view. a grout mix
corresponds to a Bingham body exhibiting both
«cohesion and viscosity. A stable grout mix is defined
as a mix having virtually no sedimentation e.g. less
than 5% sedlmmlamm 1n 2 hours (Lombardi. 1985).
‘Water on the other hand follows Newton’s law and
is therefore a Newtonian body due to its viscosity
and ifs lack of cohesion. A Newtonian fluid 15
represented by the following equation:

r=n dvjdx o)
where t=shear stress (Pa); n= kinematic viscosity
(Pa-sec), dv/dx= sirain rate (sec™)

A Bingham body or a stable mix is represented by
the following equation:

r=c+rdv/dx @
where c= cohesion (Pa)
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Some new Q-value correlations to assist in
site characterisation and tunnel design
N. Barton*

Nick: Burton and Associates. Firdveien 65¢. 1363 Hovk. Norway
Acseptad § February 2002

Abstract

The rock mass quality Q-value was originally developed to assist in the emypirical design of tunnel and cavern reinforcement and
support, but it has been used for several other tasksin rock engineering in recent years. This paper ex plores the application of ( and
its six component parameters, for prediction, correlation and extrapolation of site investigation dats, and for obtaiming first
estimates of some input data for both jointed distinct element and. modelling, lared here
include P-wave velocity, static modults of deformation, support pressure, tunnel deformation, Lugeon-value, and the possible
cohesive and frictional strength of rock masses, undisturbed, or as affected by under ground excavation. The effect of depth or stress
level, and anisotropic strength, structure and stress are cach addressad, and practical solutions suggested. The paper concludes with
an evaluation of the potential improvements in rock mass properties and reduced support needs that can be expected from state-of-
the-art pre-injection with fine, cementicious multi-grouts, based on measurements of permeatility tensor principal value rotations
and reductions, caused by grout penetration of the least favourable joint sets. Several slightly improved Q-parameter ratings form
the basis of the predicted improvements in general rock mass properties that can be achieved by pre-grouting. © 2002 Ekevier
Science Lid. All rights reserved.

1. Introduction or filled discontinuity, J, is the rating for the water
inflow and pressure effects, which may cause outwash of

FOCUS ON TBMS

The traditional application of the six-parameter O-
value in rock engineering is for selecting suitable
combinations of shoterete and rock bolts for rock mass
reinforcement and support. This is specifically the
permanent ‘lining” estimation for tunnels or cavems in
rock, and mainly for civil engineering projects.

The Q-value is estimated from the following expres-
sion:
RAD g

1
Ja J: SRF o

Q

where RQD is the % of competent drill-core sticks
> 100mm in length (1] in a selected domain, J, is the
rating for the number of joint sets (9 for 3 sets, 4 for 2
sets, etc.) in the same domain, J; is the rating for the
roughness of the least favourable of these joint sets or
filled discontinuities, J, is the rating for the degree of
alteration or clay filling of the least favourable joint set

*Tel: +4767-53-1506.
E-masl address: vickibanon@botmail com (N. Barton).

discontinuity infillings, and SRF is the rating for
faulting, for strength/stress ratios in hard massive rocks,
for squeezing or for swelling.

The above ratings, and some important new foot-
notes, are given in full in Appendix A. The three
quotients appearing in Eq. (I) have the following
general or specific role:

RQD/J, is the relative block size (useful for distin-
guishing massive, rock-burst-prone rock), Jr/Js is the
relative frictional strength (of the least favourable joint
set or filled discontinuity), and J,, F is the relative
effect of water, taul[mg, strength/stress ratio, squeezing
or swelling (an ‘active stress’ tem). An altemative
combination of these three quotients in two groups only,
has been found to give fundamental properties for
describing the shear strength of rock masses. This aspect
will be described towards the end of the paper, after
exploring a number of simple correlations between
engineering parameters and Q-values, the latter normal-
ised to the form Q.. for improved sensitivity to widely
varying uniaxial compression strengths

1365-1609/0'S - e front matter ) 2002 Elevier Science Ltd. All rights reserved,
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Employing the Qg
prognosis model

Dr Nick Barton, of Nick Barton & Associates, and geologist Ricardo A Abrahdo, of Fundagdo de
Ciéncias Aplicadas e Tecnologia Espaciais (FUNCATE), explain the workings of the Qruy tunnelling
prognosis model, using a variety of geological conditions that give big ranges of tunnelling
performance. Their main example reinforces the idea of hybrid tunnelling when great contrasts of
conditions are found (see companion article in T&TI, June 2003)

n a previous article by the first author, entitied

model This is a time saving Excel program,

developed by co-author Ricardo Abrahao, for
estimating the consequences of TBM wnneling in the
differing geological and rock mechanics properties. of a

PR=5 [Qrg* site. The input for this model are a variety of enginesring

geological parameters that are commanly collected
during project feasibiity and design phases. The cutput
are estimates of penetiabon rates (PR), and actual
acvance rates (AR) over calculated periods of time, as
each zone for geclogical/srucuralitock mechanics
domain) of given kength are penetraled, and supported
as necessary.

The program calculstes (and graphs) the overall

0007 0003 001 D03 0! 03 1 3 10 30 W0 300 000 performance, and estimated time of tunnel completion.

We wil show various examples, and discuss both
swengths and wesknesses, and areas where industry
input from new TBM designs needs to be incorporated
now, and of course in the future,

Basic elements of Qe
There are those who think that the standard Q-system
for describing rock masses has too many parameters.
and others that feel & & already too much of a simpii-
ficaion. The fact is, that we all need design assistance
whether from a ife-time of experience. haf a ife time. or
from mocdels, or from tnsted ‘rules-of-thumby”

The Qg moddel has alot of parameters, for which no
apology is made. The rock-machine interaction in TEM
tnneling & very complex after all But with its
foundation in the analysis of 140 TBM case records"!,
and frequent application since then, a cenain feeling for

N e MUMENICaI VESIon of Oy,

‘Top: Fig 1 - SOME PrinCIpies a0 defNitions of e O, Model, hat are now INCorporated

its swengths and wesknesses has been acquined.

Two impartant diagrams for a rapid understanding of
the principles need to be reproduced here for ready
reference. They have been seen before by TATTs
readers. Figure 1 shows an example of the basic model
with PR and AR on left and right axes, and the
“logarithmic’ scale of iy defined slong the botom
axis. Figure 2 shows log PR and log AR on left and nght
axes and Ibg TIME along the bottom axis, shoaing 1
day. 1 week. 1 month, et

Deceleration
The classic equation relating PR and AR via wiisation

Abave: Fig 2 - The fusual) law of deceleration as tme Increases. Typical gradients of (U} s refined as followrs in the Oy, miodel, 1o allow for
decine are m = -0.15 to 0.25, except In faul zones where (m) Is steeper, when q Is <0.1 the important factor of ime {and tunnel kength:
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KFM 01A
Q-logging

Nick Barton, Nick Barton & Associates

March 2003

Summary

The first Forsmark potential repository site borehole KFM 01A provided core from
101.8 to 1000.7 m depth. This was independently Q-logged by NB&A during a two-day
period (19%-20% February, 2003). without access to BORMAP results or regional
jointing frequencies or orientations. The Q-logging was intended to be an independent
check for subsequent BORMAP-derived Q-parameter estimation

The Q-logging was dusing the ded *histogram method”
which allows the logger to enter Q-parameter ranges and depths directly into the
appropriate histograms, which facilitates subsequent data processing using Excel
spreadsheets, Successive pairs of core boxes. which contain an average of 11 meters of
core in ten rows. were the source of ten opinions of each of the six Q-parameters, giving
atotal of 4920 recordings of Q-parameter values for the 164 core boxes.

Data processing was divided into several parts, with successively increasing detail. The
report therefore contains Q-histograms for the whole core, for four identified fracture(d)
zones combined as if one unit. and then for the whole core minus these fracture(d)
zones. This background rock mass quality is subsequently divided into nine depth zones
or slices. and trends of variation with depth are tabulated. The four identified fracture(d)
zones, which are actually of reasonable quality. are also analysed separately. and
similarities and subtle differences are discemed between them

The overall quality of this first core is very good to excellent, with Q(mean) of 48.4,
and a most frequent Q-value of 100. The range of quality is from 2.1 to 2130, which is
the complete upper half of the six order of magnitude Q scale. Even the relatively
fracture(d) zones. representing some 13% of the 900 m cored. have a combined
Q(mean) of 13.9 and a range of qualiy of 2.1 to 150,

Svensk Kambranslehantering AB
Swedish Nuclear Fuel
and Waste Management Co
Bor 5884
SE-102 40 Stockhoim Sweden
Tol 08-450 84 00
+46 8 450 84 00
Fax 08-66157 19
+46866157 19
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Failure Around Tunnels and Boreholes and Other
Problems in Rock Mechanics

Letter to the ISRM News Journal
from Nick Barton
7 October 2003

Infroduction

t the recent 10th ISRM Congress held in
ASDuth Africa, thanks ta a well organized and

different from normal format, there was
ample room for discussion and numerous points of
view could be expressed. The dominant “workshop
format” with 5 minute presentations was an excel-
lent “innovation” for ISRM — first experienced by
the undersigned in an even better format, in an
unforgettahle US. Symposium in Minnesota in
1976_where 2 hours of prepared and spontaneous
discussions of a few minutes each were presented
within each main theme.

Congresses have more delegates these days, and
multi-sessioning is unfortunately the inevitable
result — making choice of session a major
headache, as there is so much of interest. This was
certainly true of the 10th 1SRM Congress.

A preliminary discussion of brittle failure
Thanks to sterling work by workshop coordinators
in Seuth Africa, many of the topics for discussion
‘were thought provoking and extremely relevant to
the further development of our subject. Both in the
“Rock Fracture” and “Numerical Modelling” work-
shaps, the topics of failure modes arose — yet again
— sandwiched between, by chance, a very topical
plenary presentation on “stress-strength” induced
failure mode observations when excavating the
Lotschberg Tunnel — specifically when TBM tun-
nelling from the Steg portal (Rojat et al. 2003)

The depths of the “dog-ear” type failures — at 3
and 9 o'clock due to the vertical principal stress,
compared favourably with a semi-empirical model
(Kaiser et al. 2000) involving the ratio of oy, /0.,
where as usual, oy = 301-53. Continuum FEM
modelling using a Hoek-Brown failure criterion,
reportedly gave a degree of “match” to the depth-
of-failure observations in the tunnel, and to the
‘empirical model if a rule-of-thumb was used that
the “damage limit” is reached when the contours of
the ratio of principal stress difference (5y-63) to
uniaxial strength (), are of the order of 0.33 (as
suggested by Martin et al. 1999)

It has long been known that brittle failure
around tunnels initiates when the ratio of stress to
strength is a certain fraction of 1.0, whether the
“stress” term is defined as 6y, or 61-03, or oy the

ratios have been important components of the Q-
system too, in deciding upon appropriate SRE val-
ues for selecting support for stress-slabbing prob-
lems in numerous deep tunnels in Norway and else-
where.

It is perhaps long overdue that we acknowledge
that continuum models, with conventicnal soil
mechanics derived strength criteria, are missing the
realities of rock failure, which by the nature of
intact rock and failed rock can be considered to
occur perhaps in two parts — breakage of cohesion
(localization) at small strain and mobilization of
friction at larger strain. A Mohr Coulomb type of
law may work well for a material that is already
“particulate,” but perhaps not very well where sig-
nificant “multi-megaPascal” breakage is to occur,
despite the presence of some jointing

There are some very encouraging recent efforts—
and achievements—in modelling the reality of fail-
ure around excavations, using for example, cohesion
softening and frictional strengthening devices in con-
tinuum codes such as FLAC, and “stress cormosion”
devices in particulate PFC models. Cundall,
Diederichs, Kaiser and Martin and co-workers,
Hajiabdolmajid, and Christine Detournay are
among the growing number of prominent names in
this new field of realism. There are also several
other innovations in modelling, such as use of the
tensile strain criterion of Stacey, the linear elastic and
time-dependent fracture mechanics methods of
Baotang Shen and co-workers in FRACOD, the use
of tessellation patterns in displacement discontinu-
ity models by Napier.and the recent elastic-brittle
plastic elemental degradation modelling reported by
Fang and Harrison. Each seem to be producing
quite realistic models of rock failure processes, such
as pillar failures and borehole and tunnel failures —
without needing any more, to choose a contour of
“stress/strength” where failure is “anticipated.”

At this same 2003 ISRM Congress, Stacey pre-
sented a very thought-provoking discussion on how
small the above stress/strength fraction can be at
failure, in many different practical cases, thus
emphasising the need for improved understanding
and modelling of relevant failure processes. (Stacey
and Yathavan, 2003.)

Modelling failure with continuum models and
conventional failure criteria

A carefully excavated and well documented case
record—the AECL-URL line-drilied test tunnel—with
its classic 11 o'clock and 5 o'clock break-outs, has
been one of the favourite chjects of modelling, as

maximum tangential stress. Two of these three illustrated in Figure 1, which is a composite of mod-
els used in a recent Martin et al. 2002 review of
brittle failure modelling made for SKB in Sweden

nickbarton@uol com.br
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DIFFERENT SCALES OF DISCONTINUOUS BEHAVIOUR
IN PETROLEUM ENGINEERING

Nick Barton

Resumo

s de pemoleo, o de meio d inuo ocowe muma grande vaiedade de escalas, embor 3
moda, no geral tenka sido dirizida pars o uso de modelos continuos parm representar o meio descontinue. Na sscals do
reservatizio, fatores de relevincis na produtividade como: o importante papel desenpenhado pels mtensa atividade
tacténica = d.upo;rao de vohue: substancisis de petidleo, o wzimento de Srsa: de ciabament dwmnte 3

com subsidé - de mfménen no colzpso de -ouz
sxisténcia de phnos confugados de funtss, sio sbordsdos = discutidos pelo autor. As proprisdades findsmentais ds
mecamica das rochas, s3o de tolerdneia Imutada, no caso das tensdes diferencis nrgmar]as nos folhelhos sobrepostos a
camadas de aremito. Estss conduzsm so sparciments de ums tenzdo principal minima mo Sohelio, 3 qual mduz 3
formagio de uma de por tensdo, um dos fatores de mmior mportineis na vedagio dos
reservatinios de petréleo. Na escala do fro de quando s conzidermos poges de sxplomcio, o3 phinos de
cisalhamento na forme de espiral logaritmica, desenvolvendo-se prowmo 35 regides submetidas 2 tensdes elevadas,
comprovam, sem rslufincis, 3 violio dos prmcipios contidos nas hipdteses sobre o comportemento de um meio
continuo, sotdpies. A teona de Mohr-Conlomb, admwtmdo ume mobileacio simitinea da mssténen ao atnto e da
cossdo, constifui-ce na prncipal fonte de emo, /& que 33 suparfciss de mptum se d rem com deformacd
menores do que aquelas emzidas parz 2 mobilimedo do amito.

Abseract
Discontinuous behaviour i occuning at many different scales in pefroleum enginsering, despite the fushion for
cotinuum modslling in general. Major fulting activity that has greatly affected i-placs volumes of pefroleum
bedding plaze sheanng in a compacting-subsiding envionment causing oumerous casing collapses, and shearing of
conjugate reservoir jointing whick helps to maintain productvity m a depleting reservoir will each be examined The
findamental rock mechanics propesty of linited tolerance of differential stress i cap-tock shales, and therefore higher
minimmm stress & the shale. giving a stress discontinuiry, & one of the mpst important sealing requisites for petrolenm
reservoirs. At borehole scale the log-spiral shear planes that can develop around over-stiessed sections of exploration
walls, actually violite the usual assunptions of isotropic continuum behaviour. The Mobr-Coulomb assumption of
sinultaneous mobilization of cohesive and fiictional strength is the main source of enox, since failure surfaces develop
at somller strain than nesded to mobilize fiction.

Keywords
Fault, joint, subsidence, shearing, borehole stability, effective stress

INTRODUCTION
In this keynote lacture, 2 rapid joumey through widely differsnt geological and petroleum engineering scales will
be mude - seeing the possible affects of regional fulting across sedimentary basms, shearing bedding plnes in
n. jomt in reservoir rocks, and ffacturing at borehole seale. An important effct i
even seen at the g scale of ds ities. This is the effect of weakening caused by water
when water-floodinz. i phenomena reviewsd are positive fr patrolenm production, others are nezative
As in mmch of enginesring design, we wil often be conparing stresses and available naterial strength, or mom
pracisely — induced efective strecze and the availsble stiength of the rock or rock discontinuities. There i an
Iteresting principal involved in this atea, which & fundamental to today's presence or absence of ofl and gas in
petroleum reservois. Sometimes we will alo be conparing fiuid pressures and existing minimum rock stresses. to
mvestigate hydraulic facturing potential

INEQUAL PETROLEUM RESERVES

A start can be mede by bioadly conparing the petrolsum fortunes of Russia and Norway in the 1,000,000 kaf
Barents Sea rezion of the Arctic north. There are proven reserves of ‘oxly’ 03 billion i’ (oil-equivalent vokime) on
the Norwezian side (already sbout to be developed at Snohvit). By comparizon there are proven reserves of 8 billion
Sur’ on the Bnssian side (and possibly as mmch as 100 billion Sm’ yet-to-be discoversd reserves) This huze nequality
obviously deserves some attention, since the Russian’s proved reserves are aready three times more than all the Bitish
and Norwezian North Sea reservous tozsther [1]. At a petoleum conference i Northem Norway in 1989, Westem oil
experts were fisst convinced that the Russians had added one too mony zeros, m their description of the 3.2 mriflion m’
reserves of gas in their newly discovered Shtocknun reservos, which is of the order of 300 km in area.

Understanding why odl and gas i, or & not found, despite availible source rocks, and a similar kevel of drling
(50 exploration wells) and extensive seisuic ivestigations (costing a total of sbout USD 2.5 billion during 25 years, for

Barton — Different scales of discontiuous behaviour in petroleum engineering
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The Q-system following thirty years of development and

application in tunneling projects

Nick Barton

Nick Barton & Associates, Hovik, Norway
Eystein Grimstad

Norwegian Geotechnical Instite, Oslo, Novway

ABSTRACT

Some key recent developments in using the Q-system for describing rock mass quality and some rock
mass parameters are described. Links to seismic P-wave velocity, deformation modulus and simple
rock mass cohesive and frictional strength terms CC and FC are discussed and tabulated. The updatmg
of p support rec dat is taken two stages further, with specification of energy
absorption requirements for the S(ff), and with dimensioning rules for KRS or rib reinforced shotcrete
arches

1 INTRODUCTION

A sound engineering approach should always precede construction in rock. Due however to the
complexity of rock masses there is a need for a defensible simplification of the multitude of conditions
actually present. One therefore builds a model of the site conditions which, though simplified. 1s a
reflection of the main classes of rock conditions expected to be present. By collecting information
from surface logging. sub-surface (core and boreholes) logging, and remote sensing such as refraction
seismic and cross-hole seismic tomography, a fauly comprehensive picture of the likely range of
conditions and of dominant rock classes is developed, and then successively updated and refined
during excavation. This in a nutshell 15 the framework within which the Q-system is applied. It now
has a 30 year international track record, thanks to interest by many engmeening geologists and rock
engineers in a method for realistically synthesising key information, whether from core logging
investigations, or from logging of conditions revealed during excavation. Parts of key publications
from the S(fr) shotcrere updating in 1993/94, and extensions of the system in 1995 and 2002/03 are
briefly summarized, to help track the improvements

2 Q-SYSTEM INTERPRETATION FROM SUPPORT NEEDS

The source of the Q-method of quantitatively describing rock masses was some 210 case records
(Barton. Lien and Lunde, 1974), mainly describing the need for shotcrete (mesh reinforced cases from
the 1960"s and 1970°s), and fully grouted rock bolts for permanently stabilising tunnels and caverns. A
major updating of the Q-system based support recommendations was published by Grimstad and
Barton in 1993, with 1050 new case records, this time involving S(fr) ie. steel-fiber reinforced
shotcrete in place of the clder mesh reinforced S(mr). Grimstad collected these case records over many
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N Barton and E Quadros offer an
undersianding of high pressure pre-grouting
effects for tunnels in jointed rock

found 1n cores through most rock types, due to imited connectivicy
In Figure 3 a simplifylng attempt to represent ‘reallty’, using the
ssotropic model of Snow (1968) 1s llustrated. The
anssotrapic and less homogeneous. It is further emphas
reality, stress transfer across the Jomnt walls Is required. Because of
points of contact, and tortuous flow, and actual rough joint walls,
the average physical aperture (E) which 1s potentially groutable, 15
usually larger than fe) the hydraulic aperture.
Assuming the cubic law Is sufficiently valld for engineering pur-
‘posas that we can ignore non-linear or turbulent flow, we can write
permeability K = e2/12 for one parallel plate, while

K= EV]Z"% )

Number of water
conductors per fest length

fram Poisian assumption:

Here 3/18 x 100=17%
or 1.8 per Im fest; §=17m
far oneset of garalld plates of mean specing (5). Soow (1968) further

Fig 1: tatal assumed that the ‘rock mass permeability’ would be constituted. on
avesage, by flow alang two of the thee seis of parallel plates. Ths:
ORWEGIAN UNLINED pressura tunnels took many
years to reach heads of 1000m. It has also taken many 22/ _of ek
vears to reach 10 MPa Injection pressures when pre-  Kmsss = ©7/12% /5 = ﬁ,s @
grouting ahead of tunnzls, where nflows need to be con-
tralled to say 1 or 5 Um/100m, or where tunnel stability nseds  Making further stmplfications that 1 Lugeon ~ 10-Tmisac ~

improvement (and both of the above) o .

Do we know the actual effects of this high pressure Injection on 19 2: Poisson distribution for interpreting average number of water conductors.
the rock mass? Can effects be quantified In any way? It has been  (Snow 1968)
found from recent Norwegian tunnelling projects that high pressure
pre-injection may be fundamental to a good result: Le. much reduced
Inflow and Improved stability. The pressures used are far highes than
have traditionally been used at dam sites, where in Europe, Brazil
and the US, maximum grouting pressures (for deep dam founda- 50
tions) have been limited to about 0.1, 0.05 and 0.023MPa/m depth
respectively (Quadros and Abrahio, 2002)

According to a recent report by Kliver (2000), a shallow tunnel
in phyllita with Sm of cover was injected at invert level to a final
pressure of 6.5 MPa, and to 5 MPa even at the shallow depth of the
arch, only 5m below the surface. (However, establishment of an
outer screen was advised by Klver in such extreme situations.)

The reality 15 that while grout is stll lowing , there 1s such a steep
pressure gradient away from the injection holes (from logarthmic
to linear depending on joint Intersection angle) that ‘damage’ to the
rock mass Is limited to local, near-borehale, jolnt aperture Increase.
Onat least ane joint set there may be local shear and dilation. Each
of these effects are probably in the region of small fractions of a mm,
udging by the local grout take of the rock mass, which may be about
1 ta Slitres/m? of rock mass.

60

20 j

240

Average no. intersecions/testlength

0

BASIC ELEMENTS OF SNOW’S METHOD
Figures 1 and 2 show how, using Snow (1968}, one can make a pre- ]
liminary estimate of the mean spacing of water- conducting joints, ol
using Lugean tests and the assumption of their Polsson distribution n -
down the borehole. A further key simplifying assumgption s that the 100 %0 8 0 60 S0 40 3020 10 0
water conductors can be roughly represented by a cuble network of Percentoge of zero flows
parallel plates, Le. the conductars only. There are many more joints
28 s 7004 INTERRATIONAL WATER POWER . DAM CORSTRUCTION
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Course on Geotechnical Risk in Tunnels
Aveiro, Portugal 2004

Fault Zones and TBM

Nick Barton, (Nick Barton & Associates)

Abstract

This paper is based on the lecture with this title that was given at the Aveiro Course

on Geotechnical Risk in Tunnels in 2004. The present subject matter: fauit zones and

TBM, is richly illustrated with case record figures and pictures, mostly from the
personal experiences of the author. The following main topics are covered:

1. Fault zone experiences in TBM tunnels in Italy, Greece, Kashmir, Hong Kong and
Taiwan. 2. Fault zone cases in the Qtbm data base. 3. Attempts to be prepared
using seismic and core logging and the Qtbm prognosis model.

Introduction

Three views of the world’s first TBM tunnel
in the UK Channel Tunnel Folkestone
Warren area investigated by Beaumont in
1880. 1) A gravity-induced wedge fall-out in
the chalk-mari. 2) The same tunnel with
increased (clif--induced) overburden
showing stress-induced failure. 3) The
same tunnel under the sea, with pore-
pressure induced roof failures to bedding
planes, with the added effect of time.

Figure 1. Three types of failure in the world’s oldest TBM tunnel (Beaumont, 1880).
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Interpretation of exceptional stress levels from back-analysis of
tunnelling problems in shallow basalts at the ITA Hydroelectric Power
Project in S.E. Brazil

Nick Barton
Nick Barion & Assodates, Oslo, Norway, nidbarton @ wol.com br

Nelson Infanti Jr.
GN Consult lid, Flari l

is Brazil, nelsan@ gn om br.

Keywords: hy dropower, rock stress, cracks, rock failure, Q-classification, anisotropy

ABSTRACT: A 1450 MW hydroelectric project was recently completed and commissioned in south-eastern
Brazil. Extensive and unexpected rock engineering problems occurred during construction. A narrow hasalt
ridge separating a long meander of the Uruguai River was the site of the project, which was potentially very
favourable due to the relatively short length of the five diversion and five pressure tunnels through this 150 to
200 m high ridge of basalt. Extensive tangential stress related popping and spaliing was experienced when
driving the auxiliary 15x17m diversion tunnels, both in the arch and invert, even when the depth was as little
as 50m. The horizontal stress, trending NE in the region, appeared to have been seriously concentrated in the
narrow N-§ oriented ridge, and further concentrated in two massive basalt flows having highest Q-value.
‘When the 9m diameter pressure tunnels: mostly as 53° shafts were driven, tangential stress related popping
occurred again during excavation, but the greatest problem occurred when contact-grouting the reinforoed
concrete linings, which caused tensile cracking and extensive needs of repair, due te augmentation of the
negative, effective tangential stress. The negative effect of stress fracluring was experienced again when op-
erating the emergency spillway for just a few hours. Extensive N-S and horizontally oriented stress fracturing
caused an unexpected high rate of scour in the unlined chute. The paper discusses the likely magnitudes of the
major horizontal stress, based on back-analysis and some in situ tests. An interesting phenomenon was the
measurement of highest permeability in the most massive basalt flows, due presumably to tensile cracking
caused by the exceptional horizontal stress anisotropy which may have exceeded 20:1 or even 25:1.

4 and TD-5) 15,0m wide by 17.0m high, without
control gates, which operate during floods.

: . PR An auxiliary spillway V&2, with 4 gates, is lo-
B . Cometmion  cated over the upperdiversion tumels (FD-3 TD-4
starled in March 1996 and the first turbine was & };I}h Ldm fa way that 1 flow ng basin col[nc:)dccs
commissioned in June 2000. Installed capacity is vi‘" the downstream out-flowing portals of these
1450 MW, provided by five 200 MW Francis fur-  Uree tunnels.

I INTRODUCTION

‘GROUND STABILISATION

Nick Barton, of
Nick Barton &
Associates,
explains the
theory behind
high pressure pre-
injection of stable
particulate grouts
ahead of tunnel
Jaces in jointed,
water-bearing
rock. Although
opinions differ
about the need for
high pressure, its
¢ffectiveness has
been proved in
numerous
projects.
Conversely, the
use of insufficient
pressure has often
led to wet and less
stable tunnels

recent consultant’s article (Pells, T&T!
March, p34'™) and an experienced
contractor’s reactions (Garshol, T&TI
May, p36i°) has again put focus on the
results obtained by pre-grouting ahead
of tunnels. Garshol emphasised the need to use high
pressures to get an acosptable result. The proviso is
of course that the work is done ahead of the face (as
in most of Garshol's excelient grouting case records)
and not from behind the face where lower prassures
have to be used (as in most of Pell's case records).
With a long-standing rule for injection pressura
gradients of 0.23 bars/m depth for dam foundation
grouting in the US, but usually higher elsewhere, it is
clear that there will be reactions when 50 to 100 bars
s recommended by an experienced contractor for a
stratch of tunnel whose 20m depth suggests only 5
bars
The reasons for performing high pressure (50 to
100 bars) injection when pre-grouting shead of

The why’s and how’s
of high pressure
grouting - Part 1

tunnels is that inflows have to be controlled, perhaps
down to 1 to 2it/min/100m. Permeabilties lower
than 10m/s or lower than 0.1 Lugeon are implied —
and these are also achieved when owners and
consultants become aware of what is achievable
today, with stable ultrafine and microcements and
the vitally necessary additives ike microsiica and
plasticizers.

It has been found from recent Norwegian
tunnelling projects that high pressure pre-injection
may be fundamental to a good resul, i.e. much
reduced infiow and improved stabilty. The pressures
used are far higher than have traditionally been used
at dam sites, where in Europs, Brazil and the US,
maximun grouting pressures (for deep dam
foundations) have been imited to about 0.1, 0.05
and 0.023MPa/m depth respectively (Quadros and
Abrahéio, 2002!'%),

According to a recent report by Kliver (20007, a
shallow tunnel in phylit with 5m of cover, with

bines fed by 9.0m diameter, 120,0m long power tun- The Project was built through a “Tum Key Lump
nels inclined at 53° (designated TF-1 to TE-5). At
the project site the Uruguai river has a sharp bend,
designated Volta do Uva, where the river describes
an 11 km long meander. This special geomorphol-
ogy favoured a very compact layout of the project
which is detailed in Figure 1.

River diversion was accomplished through five
tunnels: two main tunnels (TD-1 and TD-2) 14,0m
wide by 14,0m high, with control gates, permanently
in operation, and three auxiliary tunnels (TD-3, TD-

2004

Sum™ contract by CONITA (Consorcio Ita), a part-
nership lead by the ODEBRECHT Group and
formed by CBPO Engenharia Ltda (civil works),
TENENGE (assembling), ABB/ ALSTOM/ VOITH/
COEMSA-ANSALDO/  BARDELLA (eletro-
mechanical equipment) and ENGEVIX En genharia
{design). The authors were consultants to the civil
contractors of Consorcio Ita, and are grateful for the
opportunity to be involved in these challenging and
unusual rock mechanics problems.

Drilling holes for successtul high-pressure pre-
Injection at the Jong-Asker rall tunnel west of Oslo
Left: Wnat can happen without these measures!
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‘GROUND STABILISATION

ENECEs of igh pressure on joim deforimation
In Figure 7, the most fundamental aspect of successful
pre-grouting, using elevated grout pressures such as
5MP to 10MPa. can be demonstrated by means of the
Barton-Bandis nommal closura/opening modsl. The
swpsrimental 4th boad-unkcad cycle of the Bandis part
f the model is assumed to {Eimost) represent in sty
conditions, folowing espacially the first hysterssis-
cycle’, when a sampled jontis first re-Joaded.

Gonversion between o, — AE curves and o — As
‘curves shown in Figurs 7 is mads with equation 4. Ina
Lugeon test with AP,, ~ 1MPa (max), orly a small Ae
fand siso = rlatvely smal AE) 8 expefienced. In
‘contrast, a high pressure injection with AP ~ 5MPa to
10MPa, wil achieve 2 significant AE fsay 10 to SOu'n)
depending on distance (R} from the injection hole. Thi
mleesemarybemeﬁmermbemwmauccessw
failurs for inial joint entry, but sometimes (often?)
hycirauic ‘fracturing’ flocal loss of contact paints) may
be the only altenative.

Hirjection pressures ars fimitsd and particls sizes ars
400 large in relation 1o equation 7 and the avalable (E +
AE) aperturs, then “water sick” rack may be the rsult
Thin, incivichual ‘lenses” of badly fitered grout may fail to
make contact with adjacent ‘lenses’, and the rckmass
wil even
o grouing Thato aro cxamps of i whore
designers have falled to recognies the Importance of
using higher pressure.

Three dimensional effects
Some urique 3D fiskd tests using mutipls borehcies,
from Brazil (Quadros et l 10961, indicate
what may bs going on in both successtul and
unsuccessfl grouting. In thess parcular before-and-
aher-grouting water permeabiity tssts, which wers
performed in a pemeable dam abutment, the
preliminary, corventicnal interpretation of indlivicusl

In & 30 sense, the tme principsl pemesbilty
tensors all riated {Fgure 8, sigrifying good or parsal
sealing of at least thres sets of eints. The reductions in
Kema ard K. were more than 1 ordsr of magritude.

the widely separated boreholes), and
deformakiity fhe buk moduls) also rduced on
average by a factor of aimost 8.

Improvesments due to high ll&iﬂ.lll pmnjeclml’
In TAT recently Qune 2004, Moen
summarised experences from the GSN’n Jong-\ﬂska(
114m” rail tunnel, where systematic pre-grouting was
used throughout. He states that stability probiems in
shales and schists proved fo be almost non-gxistant,
and that rock quality had defintely improved dus to the
grouing. It seems to assume that
successtul pre-grouting improves various rock mass
properiiss, measurements of P-wave velocity
show increase during grouting of dem foundstios,
redused deformaion is measured in tunnsls, thers ars
reduced tunnel rock support requirements, and of
course reduced water inflows. Garshol 2004 suggestad
fram 107 1o 10° improvement in permasbilfty in ‘highly
jonted rock masses with precominanty very fioe
fissures’, and from 10°* to 10 improvement for 'widely
spaced and very open large joints'.

In the following we will assums that Q-parameters
can form the basis of & ‘QUENtRatve' Lderstanding of
the potental effscts of grauting. We wil assume that in

The theory behind high
pressure grouting Pt 2

Here Nick Barton,
of Niek Barton &
Associales,
concludes his iwo
part article
explaining the
theory behind
high pressure pre-
injection of stable
particulate grouls
ahead of tunnel

Jaces in joinied,

water-bearing
rock

Iett ana ngnt:
Fig 7 - An Wustratin of

& certain rock mase, pi cause modsrats,
individual effects ke the following: RQD increases e.g
30% 1o 50%, J. reduces 2.0. 9106, J, increases .. 1
to2 due to sealing of most of set No. 1), J, reduoes g
2101 jdue to sealing of most of set No. 1), J, increases.
g 0510 1 faven with J, = 1, tunnel venfilaion air may
contain moisture), SRF (might increass in faulted ook
‘with itle clay, or if under low stress i.e. near-surface)

during a Lugeon test Is
supposed to ba smal,
while AE during high

But this 15 oniy locally

borshola tests showed reductions of permeabitty from
104 orckers of magnituds (.2, from 107mVs to 10 mys,
‘arfrom 10°mis to 107 mys, or from 10m/s 1o 107 mis).

B

‘eASSUME &, [hyaraUlC aperture)
reprasents In st pemeannry
at aiating sirece state

The Lugaon test pressure
"orh, (0 050 07 P
18~ Iz conroled s0 mat e,

cnanges e ourng 2
T now st

Conoucting aperture (5)

ssrspre g 0- 22,88 -ua

By =u ressur decay

s Assume £, Iepresents me in si
oIt apertre at ewseng stress state

ein stais-of-te-art pre-njection,
20 APy delberataly inoreased 1o

grout parscia penstration

‘arouna eacn ale due
10 logaritnmic-to-iinear

E,Increases to dlow
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(Note: this is the correct title for both-parts)

TBM PREDICTION MODELS

Dr Nick Barton introduced Ihe Q gy as
a new prediction model for TBM
performance in TeTI, 19997, followed
up by several papers also in T€TT about
its characteristies and use™"*. Dr Olav
T Blindheim has serious doubls about
several of the basic assumplions and
Jinds that the method is clouding rather
than clarifring the compler interaction
between ground conditions and TBM
performance

A critique of QTBM

Ralative difficulty of ground for TBM use

here is & need for practical and relisble
TBM performance prediction models,
and many models have bean introducad
over the last 30 years: some have been
outdated and gone out of use, others

the development, status and r

have bean updated and the usshinacs improved. An overviw of

Fig 1 - Penetration Rate (PR} ana Advance Rate [AR) as & function of
20030

by this author in TET7, Dec. 20045

become naturally more complex. Results to be coversd are:
® Penatration rats, cutter consumption;

@ Utilisation and advance rate;

® Costs.

has to treat and include guidance about
# Geological/geotechnical factors;

® Machine factors;

# Organisstional factors.

found in Barfon's book™. A first criique was presented and
discussed on the jan Rock Mechanics Confsrence in

1. The available space for this papar doss not allow detailed
discussions,

Penetration rate (PR)
Barton explains the Qygy as being an “improved” Q-value relevant
for TBM panstration rate (PR). It is developed by the “trial and
mor” method applied on data from literature review. The formuls
for PR reads:

PR = 5% Q™ fm/h)

Az an xample, if Orgy = 1, PR =5 % (Qrayl * = 5% 1% = Smih.
PR increases with decreasing Cray down to Grey = 1; for lower
Graay the achiovabls PR may be reduced ("uperatu' usually

redues thrust”, ses Fig 1).

Comment:
@it is unclear how much original ‘raw’ observation data from
tunnsi boring has been available, besides the fteraturs review.

Comtent of QTEM
The "preliminary” version of the formula for Grg read:

The development of prediction modsls is not simpis, 2 the
overall interaction betwsen the different factors is complex and
quantfcation tadious, Same madsle cover pensiration ate crly

attempt to cover the overall performance as well, and

No model can be expected to be perfect, and several of the
ssisting ones are not necessarily sasy to use. A complsts mods|

Barton attempts to cover the whole range with an emphasis on
geotechnical fators, and includes, or claims to include, TBM and
organisstional parameters. Detailed explanations about Qray are

= (ROD AL JHi, SSRAISIGMAT]

In order to better eprssent his data, Barton introduced &
'reﬁneu' and expanded ver:

Qram
(RO 010 SR SIGMATE 2020/ CLI(20] 50 /5)

The terms mean {for more detsils, see below):
FQD, = ROD criented along the tunnel sxis
dn. o due . SAF are old aquiantences iromtha C-system
SIGMA - rock mass strength exeressed
fec/100x 0, (00 s orented O)
P,

or— 5,0, whera

F = thrust per cutter, tons (-10kH)
CU = Cutter Life Index (after the NTH/NTNU prediction modei™)
= quartz content (%)

2, = averags bi-axial stresses along the tuanel face.

Comments.

® The first three links are the same as in the Q systam, except that
QD now is oriented aiong the funnal axis as AQD,

® These six parameters ars aiso included (to the power of 1/3)in
the estimate of rock mass strangth (SIGMA)

Now we will look closer at the content of Grau. link by link.

ROD,/J, (“Dlock size”)
The fraction RQD/Jn is said to express a measure for relative block.
size, which would appsar reasonable to inchude.

However:

®AQD is insensitiva for high and fow #Equerm\ss of joints, and
RQD/d, poorly charactenises the block size!

®FI0D used for boreabillty is not sensitive enough for moderately
jointed rock masses with high RQD, as eary studies confimed;

of ROD, along the tunnel change this.

®.J, depends on the number of joint sets, which as aiways has to
be counted with care and relsted to the actual ocation in
quastion.
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Risk and risk reduction in TBM rock tunnelling

N. Barton
Nick Baten & Asseciates, Oslo, Norway

Keywords: tumels. TBM. risk. rock quality. characterization. seismic velocity, stress.

ABSTRACT: There are many, many potential sources of geotechnical risk in rock funnels. To state the ob-
vious first, unexpected discoveries of significant fanlt zones, adversely oriented planar clay-coated joints, very
weak rock. very hard massive rock, very abrasive rock. very low or high stress, high volumes of stored water
and high permeability are clearly among the foremost risk factors. Their partial cmnbm:mcm in a given fummel

can be catastrophic.

Through appropriate pre-investigation ., using a ¢

of sufficient surface

. refraction seismic, core logging, borehole testing, and their extrapolation by means of geo- and hy-
drugeolog:tcal rock mass characterization. the above risk factors can clearly be minimized. However. these
risk factors can seldom be eliminated and so-called unexpectad events may still occur. If in sufficient num-
bers, both schedule and cost, and the confinued existence of a TBM excavation choice (or even the contractor)
may each be threatened. in a given tunnel Clearly. the deeper the funnel in relation to these mostly near-
surface investigation methods, the greater the need for sufficient planning and (unit) pricing of connngency
measures for tackling the unexpected. Depth effects on seismic velocity also need careful consideration. as a
false sense of improved rock quality with depth may be experienced.

1 INTRODUCTION

After a tunnel collapse or TBM cufter-head
blockage in a tonnel, it usually becomes quite clear
to the experienced tunnelling engineer or engineer-
ing geologist what the cause(s) of the collapse or
blockage were. Bafore the event it would usually be
necessary to have been exceptionally pessimistic to
have foreseen the ‘unthinkable” — which more often
than not is the combination of several adverse fac-
tors, which separately are ‘expected” though serious
events. but when combined are, quite logically. ‘un-
expected events’

In the following table, some of the more obvious
sources of geotechnical risk are tabulated as refer-
ence to the cases cited in the paper.

significant fault zones, adversely oriented pla-
nar clay-coated joints,

very weak rock, very hard massive rock, very
abrasive rock,

very low stress, very high siress, excaptional
stress anisofropy,

high volumes of stored water, high permeabil-
iy
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Sometimes of course, an individual tisk factor
may have been of such magnitude that it could not
reasonably have been predicted. Below are listed
some cases which are familiar to the writer, where
either an unexpected combination of factors led to

v or final failure of the projected funnel ex-
cavation method, or alternatively an wunexpected
magnitude of a single factor led to the problem en-
countered — which could equally well be multiple
problems as a result of this single factor

A short list of TBM munnels that suffered (caras-
kqub!m.’h) from multiple rme\p(r.’en' events

1. Unpredicted fault swarm parallel to valley-side.
together with very high (and fault-eroding) water
pressures. at depths of 700-200m. TBM tunnel
(diameter 5m) eventually ran sub-parallel to indi-
vidual faults. causing delays of at least half a year
for each 1m wide fault (AR = 0.005m/hr). TBM
finally abandoned; new contractor for D+B from
other end of tunnel. (Ponr Pemfoix HEP, N. It-
aly).

2 Alternating massive quartzite (minimum PR =
02m/hr), taley sheared phyllites (‘over-
excavating’ and stand-up time limitations). and
fractured quarizite ‘aquifer’. Early blow-out of
4000 m3 rounded gravels at 750m depth and

Comments on 'A critique of Qrem’ by Blindheim

Dr Nick Barton replies to the recent critigue of the
model given._ by Blindheim in T&T1 June

2003 He dlis putes many of the comments of

indheim, acknowledges some lmitations of the
Ormsc prognasis mods] and explamns some

that gre planned He beligves that

Blingheim has misunderstood several aspects of .
TBM and of the Qrmumethod

As a developer of something new, itis inevitabe
that one virtually ‘invites’ critique by those who
assume they are the establishment. Ideally both
parties, and the advancing subject matter, benefit
fromthe process. It is to be hoped that this will be
the case here.

In this replyte Blindheim will befound elements
ofagreement, much dissent, and places where one
must assume that our opinions differ due to
experience of contrary behaviour.

In his introductionto the need for practical and
reliable TEM performance models, Blinghein claims
that | attempt to cover the ‘whole range’
(geologicaligeotechnical factors, machine factors,
organisationalfactors). While boththe ‘geo-factors’
are squarelyaddressedin the Qr=u method and in
Barton, 2000, there has (of course) been no attempt
to address organisational factors, unless he means |
should not address hoursiweek etc. Apart from
(average) cutter thrust, TBM diameter, ufilization
(%) and support needs, other machine factors are
presently neglected. The important open or single-
shield, double-shield aspect will be discussed later.

im proceeds through the parameters
used in the Grzu model in a thorough manner,
mostly as translated from his 2002 article in
Marwegian. Unfortunately he starts by givingthe first
version ofthe_ Qe formula in his Figure 1, from
an early chapter of my book, not the final version
nor that coded in the numerical Qrsw -model

RDQ:lJa (‘block size’)

Based on Palmsitam
Palmstrém opinions, Blindheim claims that RQD ‘s
insenstive for high and low frequencies of joints’,
and ‘RQDA, poory charaderises the block size’. In
fact, RQD/J, has remarkabl e sensitivity to situations
causing blocked buckets, blocked schutes, and
clogged ordamaged conveyors. In particularit is its
combinationwiththeinter-block shear strength (i.e.
J:Ms) that is important.

appears notto fully accept thatwhen

the Q-parameters are used bothfor PR prognasis,
throughQrzw, and for utilization and AR prognosis,
throughthe i ‘deceisration (-)m, Q may
actin (legitimately) ‘opposite’ directions. Fast PR for
short periods can be associated witha low
utilization andlow actual advance rate AR, in the
same tunne! iength, due to the stap for support.

Figure 1 shows the core-ogged values of
RQDI, from two campaigns of site investigationin
Brisbanein 1993-95, and 1998 The “+3/-3' columns,

et al. 2002 and earlier
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as an example, represent 3m above to 3m below
the (future) tunnel level. The ‘blocky rock’ problems
occurred whenrelative block size (RQD/L) and
inter-block shear strength (/s ) were both below
that predicted. This latent, and unexpedted conditon
was a part ofthe basis for successful claims by the
contractor.
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Fig 1 - A demonstration ofreduced RQDVratios in
TBM tunnel compared to those predicted. Barton, 2004

Fig2 — An the

that illustrates theimportance of a combined Rnnrgo_gm
Ay on black relesse. PR and AR may be affected in
:easerboring,

‘When promating the idea of volumetricjoint count
(= sum of number of joints/m foreachset) in
place of RQD and J., both Blindheim and

should realize that one cannot assume
that RQD ceases to have value when ave
blocks are below 107 m* (the 10 cm limit) or above
about 0.4m* The reality oftherockmassis a
distribution of block sizes, which ‘stretches'the use
of RQD a longway into both low and high J,. RQD
does not ceaseto havevalue when the average
block size is about 10cm. Atthe other endofthe
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Fracture-induced seismic anisotropy when shearing is involved in production from

fractured reservoirs

N. Barton
Nick Barton & Associates, Oslo, Norway

ABSTRACT
Conducting. ‘open’ joints, fractures or microcracks parallel to the classic direction Gy me are

commonly referred to in the geophysics literature. They are the focus for most of the shear

wave polarization studies, and are often assumed to be stress-aligned microcrac!
Nevertheless, measurements in deeper wells reported during the last 10-15 years by Stanford
University researchers, do not show conducting joints parallel to the “classic” direction on max.
The non-conducting fractures in these deep wells are in the directions relative 10 Oy may that
are normally assumed to be conducting directions in geophysics literature. The conducting
Joints in deep wells are found to be consistently in conjugate directions, bisected by the
“classic’ GH mar direction, so shear stress may therefore be acting to assist in their permeability.
Numerous fractured reservoir cases in fact show 207 to 40° rotations of the polarization axes
of gS: and g8, relative to interpreted G ma directions, possibly because more than ene set of
fractures is present, as expected in most rock masses. Shearing induced by reservoir
preduction and compaction, on one or more sets of fractures, is also known to be an important
contributor to the maintenance of permeability in the face of increased effective stress.
Shearing of conjugate sets of fractures is also considered by the author as a potential source of
the temporal rotation of seismic anisotropy and attenuation, as recently recorded in 413

seismic at the Ekofisk and Vathall reservoirs in the North Sea.

1 INTRODUCTION

A standard assumption in the geophysics literature is that shear wave polarization and
splitting occurs due to stress-aligned structure. This structure has been considered by many to
be stress aligned microcracks, by others with reservoir interests, as a desirable ‘open’ set of
sub-vertical conducting fractures that are also assumed to be parallel or sub-parallel to the

maximum horizontal stress.
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[TBM TUNNELLING IN SHEARED AND FRACTURED ROCK
AND THE APPLICATION OF Qrem. MODEL CONCEPTS

Nick Barton, Nick Barton & Associates, Oslo, Norway

ABSTRACT

Sheared and faulted rock encountered at great depth, and rock masses that are
deeply weathered, and that are encountered when tunnelling is carried out at too
shallow depth, represent frequent challenges for TBM tunnellers. In this paper,
various experiences with TBM tunnelling problems will be addressed. with particular
reference to fault zone and sheared zone experiences in TBM tunnels in Italy,
Greece, Kashmir, Hong Kong and Taiwan, together with fault zone cases in the Qtbm
data base. TBM achieve remarkable advance rates when conditions are favourable,
out-performing drill-and-blast by a wide margin. However, favourable conditions are
interrupted by infrequent, sometimes freguent challenges, which are not widely
reported. Unless the rock mass character is in the central area of the Q-diagram on a
consistent basis, with Q of about 1.0 near the centre of the distribution, marked
superiority to drill-and-blast may not be achieved, especially if the tunnel is long,
since there is a generally-observed gradual deceleration of the TBM tunnelling
advance rate, a reduction unlikely to be seen with drill-and-blast tunnels. Double-
shield TBM, designed for thrusting from PC-element liners while resetting grippers.
may represent ‘over-design’ regarding support needs, for much of a given rock mass,
but they reduce these deceleration gradients by about half. All but the most serious
shear zones and faults may be tackled well by these machines.

INTRODUCTION

TBM tunnelling and drill-and-blast tunnelling show some initially confusing reversals
of logic, with best quality rock giving best advance rates in the case of drill-and-blast,
since support needs may be minimal. whereas TBM may be penetrating at their
slowest rates in similar massive conditions, due to rock-breakage difficulties, cutter
wear, and the need for too-frequent cutter change, the latter affecting the advance
rate AR. This ‘reversed’ trend for TBM in best quality, highest velocity (Ve) rock is
demonstrated by the PR-Vr data from some Japanese tunnels, reproduced in Figure
1, from Mitani et al., 1987

As may be imagined. the advance rate (AR) is a function of opposite effects in the
best rock, namely the need for frequent cutter change, yet little need or delay for
support. At the low velocity, high PR end of this data set, there will not be frequent
need for cutter change (slowing AR), but conversely there will be delays for much
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INTEGRATING Q-LOGGING WITH SEISMIC REFRACTION,
PERMEAEILITY,PRE-GROUTING, TUNNEL AND CAVERN SUPPORT
NEEDS, AND NUMERICAL MODELLING OF PERFORMANCE.

Nick Barton!

Abstract: When the “Q-system’ was launched in 1974, the name referred to rock mass
classification, with focus on tunnel and cavern support selection. Since that time “a
system’ has indeed been developed. The QQ-system now integrates investigation
geophysics. rock mass characterization. input for numerical modelling. empirical
design of support, and excavation performance assessment. The Q-value has proved
easy to correlate with required support capacity, relative cost and time for tunnel
construction, seismic P-wave veloaty, deformation modulus, cavern deformation, and
in modified form with permeability. Recent research has also shown encouraging links
between Q, the depth dependant deformation modulus, and the seismic guality Qssis.
which is the inverse of attenuation. There are also indications that Q has captured
important elements of the cohesive and frictional strength of rock masses. The above
sensitivities are most likely because Q is composed of fundamentally important
parameters that were quantified by exhaustive case record analysis. The
six-orders-of-magnitude range is a reflection of the potentially enormous variability of
geology and structural geology. Some of the empirical relationships are illustrated
with a summary of Gjgvik Olvmpic cavem investigations, and of the discomtinuwm
modelling of performance. The paper concludes with a critical assessment of the
potential shortcomings of continuwm modelling of highly stressed excavations in
intact rock. and of shallow excavations in anisotropically jointed rock.

INTRODUCTION

This lecture will be an illustrated journey through some of the useful linkages and
concepts that have been absorbed into the "Q-system” during the last ten years or so. From the
outset the focus will be on sound. simple empiricism. that works because it reflects i
that can be used because it can be remembered, and that does not require black-box software
solutions. Some of the empiricism will be illustrated by reference to investigations and to
empirical and numerical modelling performed at the Gjgvik Olympic cavem in Norway.

Nature varies a lot and therefore Q does too

It is appropriate to start by ilustrating contrasting rock mass qualities. Figure 1 shows a
core box from a project that has not been completed during ten years of trying. The second
project may not be started for at least ten years. The first should already have passing
high-speed trains. the other high-level nuclear waste some time in the future. They are both
from the same country and may have six orders of magnitude contrast in Q-value. A second
pair of examples shown in Figure 2. requires a cable car for access on the one hand. and
successive boat trips to fault-blocked flooded sections of tunnel on the other

The contrasting stiffness and strength of intact rock and wet clay is easy to visualize.
One may be crushed by one and drowned in the other. There are sad and multiple examples of
bothin the tunnelling industry. They merit a widely different quality description, as given by
the Q-value.
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City metro tunnels and stations that should have been deeper

N. Barton
Nick Barton & Associates, Oslo, Norway

M. Abnien
CVA Consortium, Sdo Paule, Brazil

ABSTRACT: The first major underground construction project in the SE comer of the 17 million-population
city of Sdo Paulo is the Line 4 Yellow Line of the city metro. which is currently under construction. Follow-
1ing the normal. but unfortunate wish of all owner-operators for shallow stations and short escalators. the con-
tractor is currently struggling to build 4.5 km of shallow tunnels and 5 shallow stations, as a much needed ad-
dition to the city metro. Problems encountered inevitably include mixed-face rock-saprolite conditions, deep
differential weathering when there is biotite gneiss. deeply weathered core-stone conditions when in granite,
and generally more difficult saprolite and soil conditions than anticipated by the experienced contractor. who
supplemented the owner’s extensive vertical site exploration with some 30 deviated boreholes. A single
‘break-through to street level was also experienced, on this occasion caused by penetration of a very long, sev-
eral hundred tons slab of gneiss through belt and shotcrete reinforcement. The failure was caused by the
smooth-planar and deeply-weathered vertical boundary jointing, and was also aided by a fully saturated
saprolite cover of some 20 m thickness. with immediately preceding heavy rainfall. As usual. several adverse
glcllgnrs all occurred at the same time and place. forming a typical scenario for failure, fortunately without fa-
fies.

1 INTRODUCTION

Although shallow funneling in tropical climates is
known to frequently cause difficult tunneling condi- W
tions, there seems to be a buili-in optimism for own- :
ers, contractors and consultants to assume that a new
project will not suffer the fate of other projects. The
possibility of break-through to surface due to too
shallow siting seems fo visit many well prepared | |
projects. as fairly recent events in Porto, Portugal
(Babendereide et al. 2006) and Singapore (Zhao et b ool Sty AR
al. 2006) have shown. With such projects in mind, i
the confractor-consortium CVA in Sio Paulo, man-
aged to persuade the owner Sio Paulo Metrd, to ac-
cept NATM-style tunneling, in place of an originally
planned hybrid EPB TBM

In retrospect. and having regard to the frequent
mixed face conditions, this switch of methods is

pon

probably extremely fortuitous. despite the more nu-
merous access shafis that were constructed, to in-
crease the number of faces for drill-and-blast con-
struction.

2 CONSEQUENCES OF THE NEAR-SURFACE

The classic core-stone differential weathering result-
ing from a previous tropical weathering. shown in
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Figure 1. A price has to be payed for funnel construction too
close to the *dotted line", illustrated from the particular case of
weathered granite from Dartmoor, SW England, after Linton
(1955) and Fookes et al. (1971). In general, Q-parameters are
not easily determined in the Grade V (black) saprolife.

Figure 1, brings with it the risk of low or zero RQD
(Figure 2). low uniaxial compressive strength (Fig-
ure 3a). and low deformation modutus (Figure 3b)




Anisotropy and 4D caused hy two fracture sets,
four compliances, and sheared apertures

Mok BasToN, Nick Barton & Assecates, Oslo, Norway

Conducting, "open” joints, fractures, or microcracks par-
allel to the classic direction of maximum horizontal stress
oy are commanly referred to in the geophysics literature. In
a remarkable number of these studies, stress-aligned micro-
cracks are automatically assumed to be the source of shear-
wave polarization. Fractured reservoirs, being biased
samples of the “near” surface, may indicate a supplemen-
tary anisotropy, caused by a set of open fractures, again with
conventional interpretation. These are also assumed to be
stress-aligned

et monitoring of deep wells shows fracture sets that are
under shear stress as the significant conductors, such as a
conjugate pair either parallel to, or intersected by, the max-
imum horizontal stress. Measurements in deep wells in hard
crystalline rocks reported during the last 10-15 years do not
shion of open conducting fractures parallel to the
“d of oy The steeply dipping fractures that
are conductors in deep wells are found to be consistently in
conjugate directions. They may strike parallel to the classic

direction, but are acted on by shear stress caused by the
inequality of oy and oy actiny endicular to their strike

e fonconducting fractures in these deep wells are
presumably held “closed” by the resultant normal stress,
which would be consistent with geomechanics modeling,
unless fracture roughness and rock wall strength, and there-
fare also apertures, are larger Mabilized friction coefficients
o of mostly 15-09 have been interpreted in the case of
numerous deep wells with such conducting fractures. This
mechanism of shear, whether prepeak or postpeak, may
also occur in a downdip sense, perpendicular to strike,
caused by matrix compaction in weak, porous reserv
rocks such as chalk. Here the conjugate fracturing is caused
bLthe domal or anticlinal structures, typical of reservoirs
like Ekofisk and Valhall This we shall investigate later

In both cases, the normal and shear compliance of both
sets will be contributing to the “stress-aligned” axis of max-
imum shear velocity Vs, and to the strength of the anisotropy.
The shear-wave splitting will therefore also be sensitive to

Figure 1. The ] shear-wane ation,
with the fiest axis causedd by one set of stress-afigned fractures ar by
microcriicks. From Bark et al. (2004). :

fluid type as normal and shear compliances are X
Unequal contributions caused by one dominant set may be
the source of 40 rotations of anisotropy and attenuation axes.
The detailed geomechanics within individual nanplanar
fracture planes may be contributory here.

A question naturally arises from Figure 1 in the context
of this introduction. Are there two sets or one set of frac-
tures causing the registered anisotropy from shear-wave
polarization? A significant number of fractured reservoir
cases in fact seem to be showing as much as 20-4(F rota-
tions of the polarization axes of g% or maximum V; rela-
tive to interpreted oy, directions. This is possibly because
more than one set of fractures is present, as expected in most
rock masses. It may also be because of the logic that frac-
tures under shear stress are usually by far the best conduc-
tars, both from geomechanics principles, and from the actual
deep well measurements referred to earlier

At the recent 12th IWSA in Beijing, numerous examples
were presented of fast shear-wave rosettes from earthquake
studies in the Fujian district of China by Wu et al. (2006),
and from the Bejjing capita area by Gao et al. (2006). The
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h F rosettes the authors presented actu-
ally resemble the symmetries seen in structural geology
fracture-set rosettes. The same has been seen in r}wﬁ:cland
data published numerous times by Crampin and his coau-
thors, but interpreted as stress-aligned microcracks.

As shown by Boness and Zoback (2007), shear-wave
anisotropy may be caused by preferential closure of frac-
ture sets that are not aligned with oy, and of course by the

tential “openness” of the set that is major-stress-aligned.

e seems to be limited reason to always assume that
micmocracks are involved, when there is such a lot of tec-
tonic structure (joint or fracture sets) that may be bisected
by oy, or by oy as suggested later

The fast shear wave may be interpreted, conventionally,
as parallel to a single set of fractures, when the reality may
be that it is composed of two fracture-set components. The
two sets are quite likely to have different density, and their
roughness and wall strength (JRC and JCS, see Box 1), may
also be different. This unequal two-set system, could be
good reason for a nonparallel-to-stress seismic anisotropy

axis. One could take this a stage further and suggest that if
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Future directions for rock mass classification and characterization —
Towards a cross-disciplinary approach

N. Barton

Nick Barion & Associates, Oslo, Norway

ABSTRACT: Rockmass classificaionhas come to be associated with the selection of a rock mass quality
class on the basis of prior classification orrating of vanous rock mass parameters. The presence ofa tunnel or
slope or similar is implied, and the disturbance to local rock mass characteristics, caused by the excavation
disturbed zone, iz supposedto be captured inthe localrock class, as support will be chosen. Rock mass char-
acterizationreflects a broadermission to describe the character ofa rock mass where a future project is likely
toberealized, but no excavation presently exists, except of borehole scale. In this paper, cross-disciphnary
examples of rock mass classification and characterization are selected from various civil engineering con-
struction projects, makingmuchuse of seismic velocity for emphasizing the links between rock quality, de-
formahility, permeability and velocity, and forhelpmgto distingzh between classificationand charactenza-

tion. However these terms obviously overlap in common usage.

1 INTRODUCTION

Rockmass classificationhas come to be assodated
with the need to select a rock mass class onthe ba-
sis of prior classification or rating of warious rock
mass parameters. Most frequently, classification is
used in association with turmel support, and also as
2 basis forpavment. [t mav also reflect a need for
pre-treatment. Implicit here 1s the existence of the
tunnel, and the effect this may have on the ex-
pectedrock mass response, in particular that within
the EDZ. All ofthe above may also apply to rock
slopes, but here post-treatment is more likely.
Rockmasscharacterization reflects a broader
mussion to describe the character of a rock mass
where a future project is likely to be realized. Be-
sides rock quality description with one of the
standard measwres such as RQD, or EME, or Q, or

deformability will be used to illustrate possible fu-
ture trends.

2 THE EXCAVATION DISTURBED ZONE

The cross-hole seismic description of the site fora
future ship lock shown m Figure 1 (diagram a) can
be considered one form of characterization of the
site. The RQD, RMR and Q-values of the two cores
would be essential supplementary data. Ideally, core
or subsequent borehole logging should be orented
due to kinematic stability assessment needs.
Subsequent cross-hole seismic between supple-
mentary holes shows the increasing development of
an EDZ actually much better than our rock mass
classification would be capable of, andthe 1 yearde-
lav between c) and d) would be hard to emulate with
(predicted) reductions of RQD, RME and Q.

G8I, or several of these, it should also include site
characterization fimdamentals such as rock stress,
water pressure, permeability and seismic veloei-
ties. Ideally each ofthe aboveshould be measured
as a fimction of depth and azinmuth, and of course
reflect lateral vanation and vanation i specific
domains.

Varous simple index parameters of the matrix
and joint sets can also considered characterization,
like UCS and the JRC-JCS roughness-strength
character that can be estimated during core log-
gmg. A Schrmdt hammer and short ruler are suffi-

cient equipmenthere. Cross-disciplinary character-

: g Figuea 1. Crose holesi imtion (1e) evine
Ization mvolving Q, velocity, permeabilty, and 5 oot oy covation stasss. Thaee is @ one year dalay be.
Savichetal 1983

trzen diagrams c) and d)
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Near-surface gradients of rock quality,
deformation modulus, Vp and Qp to 1 km depth

Nick Barton*®

Introduction

In hard rock arcas, the uppermost 50 m of the ground may
consist of soil, weathered jointed rock, and increasingly
sound, more massive rock as depth increases. From experi-
ence with seismic refraction work, it is well known that there
are extreme seismic velocity gradients in this zone. This is
so even if we discount the step increase in P-wave velocity,
V,at the water table. There are many reasons for the rapid
increases in velocity with depth. These include increased
stresses, increased rock quality because less weathering has
occurred, fewer open joints, less clay, and usually a reduced
frequency of jointing.

Besides steep velocity-depth gradients in the top 25m,
which are well into double figures when measured in units
of 5, there are marked increases in the rock mass quality
rating (, corresponding increases in the rock mass defor-
mation modulus E_, and thercfore also marked increases
in the scismic quality factor for Pawaves, Q. Velociey and
quality depth gradients generally reduce in steepness beyond
some 100-200 m depth, but the correlations between these
rock and scismic parameters are reviewed here for depths to
1 km, covering the zone of interest for civil engineering and
many mining applications. The importance of these linkages
is that the seismic parameters V and O, which may be
determined from scismic refraction and crosshole tomogra-
phy surveys during site investigation, can be used to estmate
the rock mass parameters () and F__ which are needed for
engineering design. Applications include excavations in good
quality rock, weathered rock, and more porous, weaker rock
(Barton, 2006).

In this aricle, empirical relationships berween the rock
mass parameters used in engineering design and seismic
parameters are presented with reference to the databases

from which they were derived. The first section below intro-
duces the engincers’ rock mass parameters. This is followed
by separate sections on the linkages between v, and rock
mass parameters at shallow depths and at greater depths,
down to 1 km, and between O and rock mass parameters.
Finally, the relationships are illustrated by a real example.

Rock mass parameters in engineering
The rock mass quality rating (0 introduced by Barton et al
{1974) is one of the standard intemnational methods of clas-
sifying the engincering quality of rock masses, used primarily
to assist in the sclection of suitable combinations of shotcrete
and rock bolts for rock mass reinforcement and support in
tunnels and caverns, and to provide input to numerical mod-
eks. It is determined from surface logging and core logging of
the rock mass and has values in the range 0.001 to 1000,
Rock quality O is defined as
_ROD
J, J, SRF

4

where  RQD is the rock quality designation, defined by
the percentage recovery of competent core pieces in
lengths >10 cmg
the value of J_ depends on the number of joint scts;
the value of J, depends on the joint roughness;
the value of ], depends on the degree of joint altera-
tion and clay filling;
the value of J, depends on the amount of water
inflow or pressurc; and
SRF is the stress reduction factor which caprures
loosening effects due to faulting, and also the stress/
strength ratio in the case of massive rock that may
fracture under high stress,

o —
T
sow 27~ —
50 44
wor— """
30+ 54

Figure 1 Example of the steep P-wave velocity gradients seen when conductng shallow seismic refraction at a bard rock, low

porasity site in Scandinavia (fram Sjogren, 1984).
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ROCK MASS CHARACTERIZATION FOR EXCAVATIONS IN MINING
AND CIVIL ENGINEERING

Nick Barton
Nick Barton & Associates, Oslo, Norway

Abstract: When the ‘Q-system’ was launched in 1974, the name referred to rock
mass classification, with focus on tunnel and cavern support selection. Besides
empirical design of support, the Q-value, or its normalized value Q., has been found
to correlate with seismic P-wave velocity, with deformation modulus, and with
deformation. The Q-system provides temporary or permanent suppert for road, rail,
and mine roadway tunnels, and for caverns for various uses. It also gives relative
cost and time for tunnel construction in a complete range of rock qualities. There are
also indications that Q has captured important elements of the cohesive and
frictional sirength of rock masses, with Q. resembling the product of rock mass
cohesion and rock mass friction coefficient.

ROCK MASS VARIABILITY

From the outset the Q-system has focussed on sound, simple empiricism that works
because it reflects practice, and that can be used because it is easily remembered.

It is appropriate to start by illustrating the widely contrasting rock mass qualities that
may challenge both the civil and mining professions, fortunately net on a daily basis,
but therefore also ‘unexpectedly’.

Figure 1 shows a core box from a project that has not been completed during ten
years of trying. The massive core is from a project that may not be starfed for at least
ten years. The first should already have passing high-speed trains, the other may
have high-level nuclear waste some time in the future. They are both from the same
country, but may have six orders of magnitude contrast in Q-value. A second pair of
examples shown in Figure 2, requires a cable car for access on the one hand, and
successive boat trips to fault-blocked flooded sections of tunnel on the other.

The contrasting stiffness and strength of intact rock and wet clay is easy to visualize.
One may be crushed by one and drowned in the other. There are sad and multiple
examples of both in the tunnelling and mining industry. They merit a widely different
quality description, as for instance given by the wide-range of the Q-value.

The term Q is composed of fundamentally important parameters that were each

(besides Deere's RQD), quantified by exhaustive case record analysis. The
six-orders-of-magnitude range of Q is a partial reflection of the potentially enormous
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Thermal over-closure of joints and rock masses and implications for HLW repositories

N. Bamon.
Nick Barton & Associates, Oslo, Norway

ABSTRACT:. Rough joints can be over-closed, and remain over-closed by a previous application of 2 higher normal stress.

15 15 an exaggzerated form of hysteresis. Rnugh joints in igneous and metamorpl s can over-clase even due to
temperature increase alone, due to befter fit, which is somethmg beyond hysteresis. The rock mass deformation moduli,
thermal expansion coefficients, hydraulic spertures, and seismic velocities may each be affected. Well-controlled lsboratory
HTM tests. in sie HIM block tests, and large-scale heated rock mass tests, lasting several years at Stripa, Climax and
Yucca Mountan, have produced evidence for this extra fully-coupled response. Over-closed laboratory duect shear tests
zive elevated strength envelopes i the case of fension fractures and joint rephcas. Heating alone also mereases the shear
strength of natural joints. The coupled thermal-OC effect in HTM numerical modelling will require, as a minimum, thermal
expansion coefficients that includs rather than exclude yelevant joint sefs, if these have marked roughuess and if they

d at elevated elevated moduli that attract higher stress must be expected.

1 INTRODUCTION

Hydro-thermo-mechanical HTM modelling of high level
uclear waste disposal scemarios has been actively sought in
the last 30 years. In simplified form, the HIM (and
chemical) effcts of excavation, husting d coolog (with
eventual seismic loading from major earthquakes in the T

long torm), bave sach fo be smulxisd The effact: of
heatng and cooling on rock jomts bhely fo exmst m the
Saological conainment” will be the forus of this paper.

A phenomenon revealed almost 40 years ago, that has
proved to have relevance for both HTM field experiments
2nd HTM modelling, concems over-closure of jomts Under
ambient _condifions we may refer simply io hysteresis
effects, but when heat i1z added. rthermal over-closure
appears to accentuate closure effects in the rock mass. This
sounds ‘positive” for waste 1solation: n fact it may 'be
adverse, due fo subsequent cooling that

shrinkage in 2 rock mass that may have over— closed 1 mllg'.h
ot sets that remam closed despife cooling.

Difficulties in obtaining excavation-induced failure of
artificis] rock slope models, each consistmz of 40,000
blocks, reported i Barton, 1971 and 1972, has proved to
have an unexpected link to d:g above concerns. Sneep.
gravity- and d slopes wath adv
dipping sets of tension fractures ‘would not f2il’, in relation
to slope stability calculations based on strengths obtained
from conventional 1:1 direct shear tests

suee wane T s

When loading to 4 or § times higher normal stress, prior 10
unloading and shearig, successively stesper shear strength
envelopes were obtained, as illustrated m Figure 1. The
excessively stable slopes (Figure 1) were actually caused by Figwre 1. Overclosws (0C) mtos of 81, 41 and Il
aver- do.sws of the rough tension fractures. As olremed (comventional) prior te direct shear testing of rough tension
sometimes in real slope faiures, there was svidence in  fachwes Bamon 1972 An example of the model temsion
slope-fallwre debuis, of ‘“over-closed’ masses of blocks, fracnuwes, and their surface roughness is alse shown. “Back-
which might be inferprated as ‘discontimous joinfing’ or  mnalysis’ refers to the model slope failures

evidence of ‘cohesive strength’ i field observanons.
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rROCK MASS CLASSIFICATION

he RMR and @ rock mass
classifications wer independent
developments in 1973 and 1974,

‘whase comman purpose was to
‘quaniity rock mass characterisics previously
based on qualitative geologial descriptions.
They were originaly developed for assisting
with the rock engineering design of tunnels.
The valuz of thorough geological
‘ewploration was never disputed, indesd it
was ahways emphasised. In addion, it was
repestedy stated that these classification
ytems wers not "cookbooks” but had to
be used for the purpose for which they were
developed, as part of the enginsering design
process. This s clesrly an terafive procedure
in the case of underground works, where
detalod knowlsdge of the ground develops

RMR and Q - Setting records

After 35 years of use throughout the tunneling world, the RMR and Q
classifications have proved themsehes on numerous projects. They still
face misconceptions however, as reflected in recent articles in TAT
International. Here, Nick Barton, of Nick Barton & Associates, Norway,
and ZT Bieniawski, of Bieniawski Design Enterprises, USA, clear
common misunderstandings and provide the *ten commandments™ for
proper use of these rock mass classfication systems

Atthe
and Q, geologists in seperate

efforts of
d geclogists to act 25 one team,

teams from those of nginesrs, leading 1o
potental misunderstanding of what was,
required by whom, for enginesring purposes.
Infact, the advent of cur rock mass

‘with clear statements of basic tunnel
enginecring needs and some carsully
‘selected and quantiative geological data
requiraments. Needless 10 say, nether the

- s
x

a7 ray

from day 1o day. classifications sesms to have stimulatedan  enginearing nor the gediogical parsmeters
invoivadwhen using the two systems are
_ ‘exhaustive specificalions in either the AMR
T u orQ systems.
In essance, geologists shoukd not be
" Rack @ ‘araid of quantified RMR and O parameter
Fock ratings. The need for such quantéication is
/‘W—- perhaps sppreciated mors by certfisd
enginearing geclogists who, afthough in
4 B ‘short supply, do sef an example to the.
wha are mors the ree
(2 Rockwa contact (mun coamgs) ‘=it of thesa basic sarth science
— Ja- 075 2 a4 disciplines. Alas, the geological profession,
AR, sy even oy, s ot ahways i agresmart on
‘A DISCONINLOUS jOMts. 4 e e er s 45 by
B. Rougn, unuiating a Te Tz s6 45~ a3 ‘engineering geclogisis.
G. Smooth, undating 2 e & 4 ae 2
D.Sickenskesunasatng 15 6 s ar ze o The scope of AMR and Q systems
E. Rougn, planar 15 6@ 5 a2 =;° The RMR and Q systems are particularly well
Smootn, planar I
& Stekenidd, plrer 05 a2 i aE T sted inthe planning stage of a tunnsling
(0] Rock wall contact wnen [rmp— the most ikely tunnel support requirements
sneareg isrequired, based on core logging. fiskd
’W‘A B- 4 8 8 iz mapping, and refraction ssismics. n the
— x ! sy case of plans for cavem constnuction, sven
= detals of location may be i bythe
pmmesp 4w ow omow i g emcon, e
C. Smootn, unduating R T VI T ‘becames even mor essential, as tha
SICKeNSKed, UNQUEtING 1.5 210 14 110 710 classes are selected on
£ Rougn, pianar 15 ;e e e e ‘aday-by-day base
F. Smcotn, planar 10w s Tt AT Itis obviously incorrect fo state they play
G- Stoxensided, panar o8 ar ae 2 o role during construction or final design, as
(F) No fock wall Contact when ok filings) those involved more frequently in tumneling

‘consuttancy wil sursly acknowledge. The
reasons for fhis are as follows:
1|HMHmemgmled andhave bsen

‘NomINal FougNESs of

aIszonnuT rock walts 0 s

s Tt ag 4 e 29

estimating tunned
Lalef{‘23"]lhe)werseatended
suchas

Above: Fig 1 - The parameters Jr and Ja are clearly related with ‘rock behaviour',
despite Goodman's reference to Riedmaller's doubts on this score. Other parameters
used in AMA and Q are also clearly related to rock behaviour
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P assessing
the moduks of deformation, inferpreting
‘seiemic velocities, and for assisting with the
interpretation of maritoring during

(Drafting error, Fig, 2. 1.5m bolt at 2m span:

Move given bolt lengths up one interval).

tl'.l)[E—LAPSE INTERPRETATION USING FRACTURE SHEAR PHENOMENA
Nick Barton

ick Barton & Associates, Oslo, Norway

ABSTRACT

Ifproduction causes down-dip shearing on conjugate dipping fractures, as deduced alongtime ago
from rock mechanics modelling and fromnew slickensiding in the case of Ekofisk, thentemporal
changesto the pseudo-static compliances, and changes to hydraulic apertures due to slight dilation,
must each be expected. There may also be changes in the stretching aver-burden i the case ofthe
subsidence, which will cause temporal changesto the strength of shear-wave anisotropy and
attenuation, due to intra-bedjoint opening and shear. Itis insufficientin each ofthe above casesto
refer to ‘stress or strain’ effects, asif a continuum alone wasreactingto the multiple effectsof
productionin a nultikm?® fractured reservoir, with a multikm?® overburden

Compliance and fluid effects

The problem of vertical shearwave propagationinjointed or fractured media with off-vertical dips
was addressed by Sayers, 2002, using the example oftwo conjugate sets with oppositely oriented dip
angles. The shearwave components g$: and g3: depend here on both the shear andnormal
compliances, since theincident angles are no longer parallel to the fractureplanes

As nommal compliance is reduced(i.e. stiffened)by fluids ofnon-zero bulk medulus, amoving gas to
oil front should also be distinguishable by respectively greater followed by less shearwave anisotropy,
asthe stiffening effect ofthe oil makes the fracture normal stiffness less contrasted to the back-ground
medium (Van der Kplk etal, 2001). For dipping joints or fractures, there provesto be a significant
decreasein shearwave anisotropy ifthe fluid has a higher bulk modulus, making the normal sziffhiess
ofthe fractures greater when oil replaces gas.

Discontinuous behaviour of fractured chalk

Carbonate or chalk reservoirs of high porosity, and therefore rather low strength, with steeply dipping,
as opposed to flat-lying jointing or fracturing, can apparently continue to be successful oil producers
despite strong compaction, because of a remarkable joint shearingmechanism. Down-dip shearing can
occur despite the one-dimensional (vertical) strain boundary conditions that apply durng the
production-induced compaction of a large tabular reservoir. Matrix shrinkage under an increasingly
large increase of effective stress, actually ‘makes space” for down-dip shearing of the fractures. This
helps to maintain joint aperture due to shear-induced dilation.

When intense investigations were occuming in the mid-eighties, to try to understand the scope and
mechanisms behind the unexpected seabed subsidence above the 3 km deep Ekofisk reservoir, efforts
were made to investigate the disconfinuous natures of reservoir compaction and subsidence, which are
nomally ignored because of modelling size-limitations. This was done at two specific scales, both of
which now prove to have potentialinfluence on current 4D time-lapse interpretation options, both for
the reservorr and for the over-burden.

Phillips Petroleum geclogist’s core logging interpretation (H. Famell, pers. comm.. 1983), of the
conjugate steeply-dipping jointing or fracturing in the porous, highly productive sections of the
reservoir, indicated about 10 to 12 dominant (perthaps > 1 m long) set #1 joints crossing a ‘1 m
window’, with oppositely dipping set #2 joints showing about 4 to 6 shorter joints (perhaps 30-30 cm
long) in this same ‘volume’. These are shown in Figure la in an idealized form with constant dip
within each set. This of course is a simplification of reality

The assumedjointingin Figure 1 canbe shownto represent an accumulated (two-set)crack (or

Jracture) density (2 =N. r'/V) ashigh as 1.4, wiich 1s much higher than the more Lrmited range often
Teferred to in geophysics literature (Barton, 2006). When fracture densities are ashigh as 1 to 2, asin
such well-jointed, domal chalk reservoirs, dimming ofthe amplitudes ofthe slow shear-wawve, due to
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AUNIQUE METRO ACCIDENT IN BRAZIL CAUSED BY MULTIPLE FACTORS

Nick Barton, NB&A, Oslo

INTRODUCTION

On Friday 12" January 2007, a dramatic metro construction accident occurred in S&o Paulo,
Brazil. Nearly the whole of one of the station caverns of 40 m length suddenly collapsed,

immediately followed by collapse of nearly half of the adjacent 40 m diameter and 35 m deep
station shaft. Seven people lost their lives in the collapse.

These station and shaft constructions are close to the Pinheiros River, in the SW sector of
the city, and are part of the new Line 4 (Yellow Line) of the presently expanding Sdo Paulo
Metro. The consortium CVA, Consorcio Via Amarela._composed of most of the major

contractors in Brazil, were awarded the detailed design and construction of Line 4 in 2004.

Figure 1. The Pinheiros station cavern and shaft collapse of 12" January 2007.The white
arrow indicates the axis of the station cavermn, and the fallen white car indicates the rear

discontinuity.

The accident occurred so rapidly that there was no time for wamning to be given. It is
probable that suction, caused by the rapid fall of a huge undetected ridge of jointed. foliated
and often deeply weathered rock weighing some 15,000 to 20,000 tons, causing an air blast
in the running tunnel, actually sucked the seven Rua Capri victims to a lower level in the
debris than they would have fallen if materials had been more uniform. Five of the victims
were in a small bus, others were pedestrians in Rua Capri, seen to the right-side of Figure 1.
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IMPORTANT ASPECTS OF PETROLEUM RESERVOIR AND CRUSTAL
PERMEABILITY AND STRENGTHAT SEVERALKILOMETRES DEPTH

NRBARTON
Nick Barton & Associates, Oslo, mmj
(e-mail of sponding author:nickrh il.com)

Abstract

A classic assumptionin geophysicsis that shear wave polarization and splitting o ccurs due to stress-aligned structure, previously
considersd to be stress-aligned microcracks. This structure is now more o ften considered to be a desirable “open’ set of sub-
vertical conducting fractwresthat are also be parallel or sub-parallel to thema al stress. (7
modeling unfortunately demonstrates that unless fractures are rather rough and wall strength rather high, or that there is over-
pressure. there are likely to be only very small hydraulic apertures at several kilometers depth Deep-well measurements
demeonstrate that fractures that are under differential shear stress are more likely to be water conducting, and those that are
principally under nommal stress are less likely to be water conducting. In this paper, altemative interpretations of shear-wave
polanzation directions are examined including the contribution of two, maybe unequal joint sets, intersected by the major stress,
having different stiffnesses and dynamic compliances, and possibly with pre peak non finear shear strength and dilation
to theirenha ibility. Shearing induced by reservoirprod and is also dered, both
as a source of permeability maintenance, and as a potential source nhempmal rotation of seismic amsnunpy,asracend}
recorded in 4D seismic at the Ekofisk and Valhall reservoirs in the North Sea. The shear stresses, or the mobilized frictional
strength assumed to be acting on sheared joints or minor faults in deep well analyses is very high, such as pof 0.9, and the
possibility of an error, due to application of stress transformation equations that do not mclude dilation, is therefore addressed.

Keywords: jots, shear strength, shear waves, anisotropy, permeability, reservoirs, deep wells

1. Introduction being more likely when one is no longer close to
the surface. The reasons might be that more than
one set of unequal fractures could be contributing
to the anisotropy, and that if these are bisected by
the major stress, permeability at depth could also
be more easily explained. due to the shear stress
actually causing slight, but desirable, dilation.
The need for this altemative explanation is due
to the difficulty of explaining “open’ fractures at
depth: joints or fractures are likely to be held
‘closed’ by 2 minimum effective normal stress of
ten’s of MPa However., mineral-bridging. or
joints with rough surfaces in hard rock are
possible  altemnative explanations of ‘open’
In fact it has been shown in an extensive review features at depth.
of the literature [1], that deviation between the
assumed major stress and apparent structure. or 1.3 Geomechanical modelling and testing

deviation between the axes of anisotropy and the ) . . .
assumed major stress, may each occur, each  Parametric studies of typical reservoir rocks and

1.1 Skear waves for detecting jointing

The use of polarized shear waves, for indicating
the presence of aligned and perhaps fluid-
conducting structure at depths in petroleum
reservoirs. has been a topic of interest for at least
20 years. The classic assumption has been that
the aligned structure that causes frequency-
dependent shear-wave anisotropy. is usually
parallel or sub-parallel to the major stress.

1.2 Unequal joint sets may be present
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By Dr. Nick Barton

Extending the Boundaries in the Himalayas

During two recent trips to India the first to the September 2008 ITA Congress in
Agra, the second to hold a three-davs short course m New Dehls in December, the
undersigned was impressed by two things in particular (leaving aside, of course, the
incomparable Taj Mahal, admired equally on any occasion).

While more Indian engineering geologists may now be utilizing the Q-system in large
hydroelectric projects in India and surrounding countries, the limitations in certain
extreme conditions are not to be ignored. Taking one “boundary” first, the writer was
informed that bevond Q=3, the Q-system had’ little application’ 1n the northern
foothill regions of the continent.

While this point is taken as a possible generality, it was questioned by others with
more experience. and my personal experiences at Dul Hasti suggest that Q as high as
500, giving only 1 m'hr TBM penetration rate, and only 5 to 20 m drill-bit life in the
same massive guarizites, does require flexibility of the classification method, which
soon may show Q < 0.01, or worse, 1n an adjacent shear zone, or inthe alternating
beds of over-excavating, low stand-up-time, sheared and talcy phvllites. These layers,
following disturbance, may resemble dry bars of soap — and are more difficult to
climb than a sandhill — following their collapse to the floor of a big tunnel.

Dramatic descriptions of some of the conditions at the Tala Project in Bhutan, and an
ITA congress author suggesting that “Q=(0.00]  isneeded for exceptional
inrush'burst and funnel drowning, is certainly correct. The Q-system, without
additional engmeering advice, can also not tackle the recent case of an Indian TBM
machine-and-tunnel burial, simply from the remarkably high pressure (100 bars?)
‘production’ of water. mud, silt and sand from a single pilot hole.

A personal experience from a difficult sub-sea TBM project in Hong Kong, where the
undersigned was consultant to Skanska, is a useful illustration of the message to be
focussed on in this guest editorial. On the second visit to this 3.3 m diameter sewage
tunnel. to verify the connuumg difﬁculnes the contractor had commissioned 2 720 m.
ack-wards towards the TBM, from the tunnel-
complenon shaft on Stonccutte( Island {now part of one of the world’s largest
container ports). The TBM had vet to approach and penetrate a regional fault zone in
the last 900 m, a wide zone which was mostly missed during sub-sea seismic, due to
‘imposshle” ship-traffic conditions for the seismic exploration vessel.
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A unique metro
accident in Brazil

‘The Pinheiros station cavem and
shaft collapse of 12th January 2007

The sudden collapse of
Pinheiros Station and station
shaft during construction of the
Séo Paulo Metro Line 4 shocked
the industry. Consultant, Nick
Barton describes the events

Sy, n Friday 12th January 2007, 2
dramatic metro construct
) accident occurred n S0 Pauo,
Brazil, Nearly the whole of one of
the station caverns of 40m length suddenly
collapsed, immediately followed by collapse
of nearly haf of the adjacent 40m diameter
and 35m deep station shaft. Seven people

105t their lives in the collapse.

. b
is probable that suction, caused by the rapid

Combining borehole characterization and various seismic
measurements in unnelling
Combinando la caracterizacién de pozos de sondeo y distintas

mediciones sismicas en la construccion de tineles

[Nick Barton
Wick Barton & Associates, Osle, Norway

|Abstract

\Cross-disciplinary examples of rock mass classification and characterization are selacted firom a recent majo
review by the author, firom various civil engineering consfruction projects, with emphasis on nmnelling, and|
naking much use of cross-hole seismic measurements and refraction seismic. The links between velocity and rock
lguality, deformability, permeability and velocity are developed and d d. The combined use of seismic and
|O-Iogging, allows classification and characterization to be distinguished, the former with an excavation EDZ, th

[atter pre-conshuction.

Resumen

[Ejemplos multi-disciplinarios de clasificacién y caracterizacion de masa rocosa son seleccionados de un
limportante estudio reciente realizade por el autor, y de varios prayectos de construccion de ingenieria civil)
lhaciendo énfasis en la construccion de fineles, y con un amplio uso de mediciones sismicas transversales a los|
lpozos v astudios de refraccion sismica Este documento desarvolla y demestra las relaciones existentes entre]
Velocidad y calidad de roca, grado de deformacicn, permeabilidad v velocidad. EI uso combinado de perfilay
ismico y de Q permite que la clasificacion y caracterizacion tengan un sello distintivo, €l primero con excavacion|

These station and shaft constructions are
close to the Pinheiros River, in the SV
of the city, and ae pant of the new Li

fall of a huge undetected ridge of jointed,
awarded the detailed design and follated and often deeply weathared rock
construction of Line 4 in 2004, weighing some 15,000 10.20,000 tors
causing an air biast in the
actually sucked the seven Rua C:
10 lower level in the debris than
have fallen if materiais had been more
The closest borenles were driled from 723-724m  uniform. Five of th
surface elevations, and rock was reached betwoen  bus, Others were pece:
elovation 706-707m in the majcrity of cases.

Expected mean elevations:

Boreholes for site investigation
Prioe 10 final design and construction of the

around the shaft and eastem station cavern.
The extraordinary reality: The four borsholes close to the sides
v in the centre

Most of the collapsed rock in the cenire some zones of
cavern fe 10m, 10 a top elevation of 704-707m, cially in the

Lo, remaining 1 1o 4m abave the (original) e ook X
cavern arch. biotite gneiss. Follation was mostly steeply

Fig 1 - Top) Sketch of the anticipated top-of-rock elevations based on the five
nearest boreholes, including one hole near the centre of the cavem. Bottom) Sketch of same a3 the moean rock elevation found in
the extraordinary reality, in over-simpified form the four other ciosest holes.
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[EDZ, y el segundo previe a la construccién.

INTRODUCTION

Rock mass classification has come to be
[pssociated with the need to select a rock mass
fclass on the basis of prior classification or rating
f various rock mass parameters. Most
[frequently. classification is used in association
with tunnel support. and also as a basis for
payment. It may also reflect a need for pre-
ftreatment. Implicit here is the existence of the
funnel. and the effect this may have on the
xpected rock mass response. in particular that
within the EDZ. All of the above may also apply
to rock slopes, but here post-treatment is more
ikely.

Rock mass characterization reflects a broader
mission to describe the character of a rock mass
where a future project is likely to be realized.
[Besides rock qualify description with one of the
ftandard measures such as RQD. or RMR. or Q.
lor GSL, or several of these, it should also include
ite characterization fundamentals such as rock
[tress, water pressure, permeability and seismic
velocities. Ideally each of the above should be

measured as a function of depth and azimuth and
of course reflect lateral variation and variation in|
specific  domains. Varous simple inde:
parameters of the matrix and joint sets can alsol
considered characterization, like UCS and the
JRC-ICS roughness-strength character that can be
estimated during core logging

Cross-disciplinary characterization invelving Q|
velocity, permeability, and deformability will be|
used to illustrate the frequent differences between|
classification and characterization.

THE EXCAVATION DISTURBED ZONE

The cross-hole seismic description of the site for af
future ship lock shown in Figure 1 (diagram a) can
be considered one form of characterization of the]
site. The RQD. RMR and Q-values of the first fwi

cores would be essential supplementary data]
Ideally core or subsequent borehole logging
should be oriented due to kinematic stability
assessment needs. Subsequent cross-hole seismic]
between supplementary holes shows  the|
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Shear Strength of Rockfill, Interfaces and Rock Joints, and their Points
of Contact in Rock Dump Design

N.R.Barton Nick Barfon & Associates, Oslo, Norway

Abstract

The peak shear smength of reck jeints obtained from direct shear tests, and the peak shear strength of
rockfill, as mterpreted from large-scale tmaxial tests, have common non-linear strength envelopes. An
extremely low stress index test for rock jomts, the tilt test, with an apparent mormal stress as low as
0.001 MPa when sliding occurs, can also be performed to characterize rockfill. However for rockfill or rock
dumps, larger samples with relevant particle sizes are desirable. Some full-scale tests at a dam site in Italy,
using a 2x2x3 m tilt-shear test, were able to sample the as-compacted-as-built rockfill, with no need for using
parallel (model) grading curves with reduced-sized particles Interfaces between the rockfill or rock dump
and eventual rock foundations, can be handled with similar shear strength estimation methods. In each case,
a low-stress index test result is extrapolated to full scale and to engineenng stress level by related non-linear
strength laws. It is possible to estimate each through inexpensive characterization. The non-linear, stress-
dependent friction angles suggest that large rock dumps with constant slope angle will have strongly
reducing factors of safety from top to bottom and from outside to inside.

1 Introduction

The real contact stress levels are believed to be close to compressive failure where rock joint asperities and
rockfill stones are in contact (e.g. Figure 1 for the case of rock joints). It is perhaps therefore that it is
possible to use a common form of constitutive equation for extrapolating the strength measured at very low
(index test) normal siress levels, to stress levels of engineering interest, as inside a large rockfill dam, mside
arock dump or under a rock slope formed of jointed rock

ngI}stress
» i .
Contacts
- L]
a ® °

Figure 1  When peak shear strength is approached (joints and rockfill), the actual rock-to-rock
contact stress levels are extremely high, due to small contact areas

It is believed that the real ratios of o, /JCS (contact normal stress/jeint wall compressive strength, in the case
of rock joints) and 6 /S (contact normal stress/particle strength in the case of rockfill) are equal to the ratio
Ay [ A; representing the ratio of true contact area’assumed contact area. The terms JCS and S represent the
joint compressive strength and the particle strength respectively. In other words, contact area is a rock
strength or particle strength regulated phenomenon at peak strength.

Tilt tests are performed on a regular basis to characterize the roughness of rock joints. A schematic example
of tilt testing for rock joints is shown in Figure 2, while a suggested method for testing rockfill at full scale
(without needing parallel grading curves) is shown in Figure 3. from Barton and Ejzmsli, (1981).
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Nick Barton
Wick Barton & Associates, Oslo, Norway

{Abstract

[The main causes of the Pinheiros cavern collapse

[4n extremely large collapse occurred at a metro cavern and station shaft, along the new Line 4 in Sdo Paulo i

arly 2007. Despite extensive imvestigation with eleven boreholes close to and even in the centre of the cavern, o
high-standing central ridge of less weathered gneiss, with one misleading low point, was missed by all drill holes
[Low rock cover was assumed, but the reality was arching by an adverse, wedge-shaped, 10 m high
land 15-20,000 tons undiscovered ridge of rock that grossly over-loaded the stuctural arch and its wide footings.

INTRODUCTION

fon Friday 12 January 2007. a dramatic metro
construction accident occurred in Sde Paulo.
[Brazil. Nearly the whole of one of the station
kaverns of 40 m length suddenly collapsed.
immediately followed by collapse of nearly half of
the adjacent 40 m diameter and 35 m deep station
ishaft. Seven people lost their lives in the collapse.

These station and shaft constructions are close
to the Pinheiros River, in the SW sector of the

rapidly that there was no time for warning to bel
given.

It is probable that suction. caused by the rapid)
fall of a huge undetected ridge of jointed. foliated|
and often deeply weathered rock weighing some|
15.000 to 20.000 tons. causing an air blast in the|
running tunnel, actually sucked the seven Rual
Capri victims to a lower level in the debris than|
they would have fallen if materials had been more|
uniform. Five of the victims were in a small bus]

others were pedestrians in Rua Capri. seen to the]

fcity. and are part of the new Line 4 (Yellow Line) right-side of Figure 1

fof the presently expanding S3o Paulo Metro. The
|Consortium CVA_ Consorcio Via Amarela. com-

posed of most of the major contractors in Brazil, BOREHOLES FOR SITE INVESTIGATION

Prior to final design and construction of the 18 m|
span station cavern. numerous boreholes had been|
drilled through the soil. saprolite and weathered|
Pre-Cambrian  gneiss. There were eleven|
boreholes drilled around the shaft and eastern
station cavern. The four boreholes located close tof
the sides of the cavern, and ome almost in the|
centre of the cavern. had indicated some zones of]
deeply weathered rock. especially in the biotite]
gneiss. Foliation was mostly steeply dipping to|
vertical.

The arch of the Pinheiros station was at a mean|
elevation of 703 m. Borehole 8704 drilled near the|
centre of the cavern. had correctly indicated al
(local) top-of-rock elevation of 706 m. This was|
exactly the same as the mean rock elevation found|
in the four other closest holes.

[Figure 1. The Pinheiros station cavern and shaft collapse of
12® January 2007.

were awarded the detailed design and construction
of Line 4 in 2004. The accident accurred so
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TBM tunnel construction in difficult ground
Construccion de tinel con TBM en un terreno dificil

[Nick Barton
Nick Barton & Associates, Oslo Norway

[Abstract
Expariencas with ing problams are addrassed, with particular raference to fault zone and shaaved zone|

lexperiences in TBM tunnels in lialy, Greece, Kashmir, Hong Kong and Taiwan, together with fault zone cases in
he Qrzu data base. TBM achieve remarkable advance rates when conditi , out-p ing drill]
\and-blast tunnelling by a wide margin, but they suffer great problems when conditions ava very poor. The theo]
lempirical reasons for this are illustrated, and Qr prognosis examples are given.

Resumen
\Las experienciasconp enlaconst ién de tineles se abordan haciendo ia especial a los easos|
-on zonas de fallas y cizalla en tineles con TBM en ltalia, Grecia, Cachemira, Hong Kong y Taiwan, junto con
asos de zonas de fallas existentes en la base da a’zzios Orzu El TB) l{m‘cama una velocidad da avance notabls|
wando las condiciones son favorablas, o o por lgjos &l rands da i6n da timslas con
perforacion y voladura, sin embargo, tienen grandes problemas cuando las condiciones son muy precarias. Este|
Wocumento ilustra las razones Ieérico-eiyp iricas de esto, junto con eniregar ejemplos de la prognosis de Omu.

INTRODUCTION
powered. Older cases of PR = 0.1 and 0.2 m/hr arg

TBM tunnelling and drill-and-blast tunnelling Imown, but rare (Barton, 2000).
show some initially confusing reversals of logic,
vith best quality rock giving best advance rates in
fthe case of drill-and-blast, since support needs -
imay be minimal. whereas TBM may be el
penstrating at their slowest rates in similar
massive  conditions, due to rock-breakage
difficulties, cutter wear, and the need for too-
ffrequent cutter change, the latter affecting the
fadvance rate AR This ‘reversed’ trend for TBM
im best quality, highest velocity (Ve) rock is
demonstrated by the PR-Vp data from some 1
{Tapanese tunnels, reproduced in Figure 1, from
[Mitani et al., 1987.

At the low velocity, high PR end of this data 1w 20 w 40 S0 &0
set, there will not be a need for frequent cutter Vp (kmisec.)

hange, but conversely there will be delays for N - i B
much heavier support. If velocities reach as high Fig. 1 Declining TBM penetration rate W'Lh -
las about 5.5-6.5 km/s (ie. Q > 100, and high elevated seismic velocity, _due to lack c_»f]mutmg.
IUCS) in exceptionally massive rock, this is also e actual advance rate will be a function of
“difficult ground” for TBM, and in exceptional ~ OPPosite effects in the best rock, namely need for
-ases PR may dip below 0.5 m/hr, if under- frequent cutter change, but little delay for support.

- Mitani et al., 1987.

PR (mihr)
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INTEGRATING Q-LOGGING WITH SEISMIC REFRACTION,
PERMEABILITY, PRE-GROUTING, TUNNEL AND CAVERN SUPPORT
NEEDS, AND NUMERICAL MODELLING OF PERFORMANCE.

Nick Barton!

Abstract: When the “Q-system’ was launched in 1974, the name referred to rock mass
classification. with focus on funnel and cavem support selection. Since that time ‘a
system’ has indeed been developed. The Q-system now integrates investigation
geophysics. rock mass characterization. input for numerical modelling, empirical
design of supﬂlort and excavation performance assessment The Q-value has proved
easy to comrelate with required support capacity, relative cost and time for tunnel
construction. seismic P-wave velocity, deformation modulus, cavern deformation, and
in modified form with permeability. Recent research has also shown ENCouraging ]mks
between Q. the depth dependant deformation modulus, and the sefsmic qzrafn‘} Qs
which is the inverse of attenuation. There are also indications that Q has captured
important elements of the cohesive and frictional sl:rmgr.h of rock masses. The above
sensitivities are most likely because Q is co of fundamentally important
parameters that were ied exhaustive case record analysis. The
six-orders-of-magnitude range is a reflection of the potentially enormous variability of
geology and structural geologl} Some of the empirical relationships are illustrated
with a summary of Gjevik Olympic cavern investigations, and of the discontimaum
modelling of performance. The paper concludes with a critical assessment of the
pof shorfcomings of contimum modelling of highly stressed excavations in
ntact rock. and of shallow excavations in anisotropically jointed rock.

INTRODUCTION

This lecture will be an illustrated journey through some of the useful linkages and
concepts that have been absorbed into the ‘Q-system’ during the last ten years or so. From the
outset the forus will be on sound, simple empiricism, that works because it reflects practice.
that can be used because it can be remembered, and that does not require black-box software
solutions. Some of the empincism will be illustrated by reference o mnvestigations and to
empirical and munerical modelling performed at the Gyevik Olympic cavern in Norway.

Nature varies a lot and therefore Q does too
Itis iate to start by illustrating confrasting rock mass ities. Figure 1 shows a

core box ﬁ?groject that has not be:l?ngomp?erag](]igunﬂg ten j,'ei?.rtsmgf tr}mggl'['h: second
E‘o not be started for at least ten years. The first should already have passing

gi]-speed}u'm the other high-level nuclear waste some time in the future. They are both
from the same country and may have six orders of magnitude contrast in Q-value. A second
pair of examples shown in Figure 2, requires a cable car for access on the one hand. and
successiva boat trips to fault-blocked flooded sections of tunnel on the other

h.uﬁ stiffness and strength of intact rock and wet clay is easy to visualize.
One may becrus by one and drowned in the other. There are sad and multiple examples of
b']logla._n ge tunnelling industry. They merit a widely different quality description. as given by
value.
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TRAGIC COLLAPSE OF A STATION CAVERN DURING
CONSTRUCTION OF THE SAO PAULO METRO: UNEXPECTED
AND UNPREDICTABLE GROUND DESPITE ELEVEN BOREHOLES

Metro construction at the most unfavourable depth caused a major metro
station collapse in Brazil due to a unique sub-surface structure

N.R. Barton
Nick Barton & Associates, Oslo, Norway

Tragisk kollaps av stasjonshall under bygging av Sao Paulo metro: Uforutsett og
uforutsighar grunnforhold tross elleve borhull

Dr. N. K. Barton. Nick Barton & Associates

SUMMARY

In January 2007, a dramatic metro construction accident occurred in Sio Paulo. Nearly the
whole of one of the station caverns of 40 m length and 19 m span suddenly collapsed. Despite
extensive dnlling around and even within the cavern centre, a misleading top-of-rock
elevation was indicated. grving an assumed 3 m of rock cover above the arch of the cavern,
beneath about 18 m of saprolite, soil and sand. Heavy lattice girders at 0.85 m centres and
steel-fibre reinforced shoterete of at least 35 cm thickness were used as primary support.
Subsequent excavation through all the collapsed rock and soil during 15 months of
investigations revealed a previously undiscovered, 10 m high ridge of rock with adversely
oriented steep sides. caused by differential weathering of vertically foliated gneiss. A
secondary planar joint set. a major bounding discontinuity, and probable elevated pore
pressure from a cracked storm drain constituted an unpredictable set of adverse conditions at
an adverse location beneath a road, causing the death of seven people when sudden collapse
occurred.

SAMMENDRAG

I januar 2007 skjedde det et dramatisk ulykke under bygging av S3o Paulo metro. Nesten hele
volum av en stasjonshall av lengde 40 m og spennvidde 19 m plutselig kollapset. Tross
utstrakt borhullsundersokelse nind omkring og i midten av fjellhallen. var en misvisende

fjellkvote indikert. med antatt 3 m bergov

over hengen, under 18 m med

dypforvitret fjell (saprolitt), jord og sand. Tunge stalbuer eller “lattice girders” med 0.85 m
med

35 cm stilfiberarmert sproytebetong var tatt i bruk som

primersikring. Senere utgraving gjennom alt jord og fjell som falt ned til fiellrommets bunn,
som fok 15 maneder & gjennomfere, viste rester av en uoppdaget 10 m hoy fellrygg med
nesten vertikale og ugunstige orienterte sider, forirsaket av differentiert forvitring av gneis
med nesten vertikal foliasjon. Et sekundzr. plan spreldesett, piuss en stor diskontinuitet som
begrenset kollapset. og 1 tillegg en antatt sprukket og lekkende stormdren, konstituert et
uforutsighar sett med ugunstige forhold samt ugunstig lokalisering rett under en traffikert vei,
som forarsaket tap av syv menneskerliv, nir det plutselig var kollaps.

1. INTRODUCTION

On the afternoon of Friday 12% January 2007, a dramatic accident occurred during the

2008

ABSTRACT: A metro project that was constructed in the most difficult elevation possible, with constantly
changing rock-fo-saprolite-to-soil-to-rock conditions. due to Sio Paulo metro operator requirements. suffered
the predicted consequences of severe overbreak and slow progress. On two occasions there was break-through
to surface. This paper describes one of these events that involved a set of adverse circumstances that tragically
converged in time and location. On January 12% 2007, the following dramatic accident occurred. Nearly the
whole of one of the station caverns of 40 m length : and 19 m spzn sud.den]y collapsed. Despite extensive drill-
ing around and even within the cavem cenfre, a kel

sumed average 3 m of rock cover above the arch of the cavemn. 'beneath about 18 m of saprolite. soil and sand.
Heavy lattice girders at 0.85 m centres and steel-fibre reinforced shotcrete of minimum 335 cm thickness were
used as primary support. Subsequent excavation through all the collapsed rock and soil during 15 months of
mvestigations revealed a previously undiscovered, 10-11 m high ridge of rock with adversely ornented steep
sides. caused by differential weathering of the foliated pneiss and an amphibolite band. A secondary

joint set. a major bounding discontinuity, and probable elevated pore pressure from a cracked storm drain,
constituted an unpredictable set of adverse conditions at an adverse location beneath a road. causing the death
of seven people when sudden collapse occurred. Lessons leamed the hard way confirmed the prior opinions
of several prominent consultants who had called for either shallower. or deeper construction, either options in
order to avoid frequently changing mixed-face conditions, which create a range of nnnecessary difficulfies.

was indicated. giving an as-

1. INTRODUCTION

From a tunneling viewpoint. the second option is

There are several possible choices for expansion of by far the most complicated. as deep but differential
metro lines involving the addition of new stations in  weathering may mean frequent mixed-face tunnel-
major cities. The most difficult from the point of ex-  ling and cavem construction. In the present expan-
isting infrastructure and buildings is of course cut-  sion of the S&o Paulo Line 4. there is an example of
and-cover. In less developed parts of cities under  a station with one end enfirely in rock, and the other
expansion. this is nevertheless the most viable op-  entirely in soil. Photographs from construction of
tion, and there are many examples from around the  this (Buanta) station are reproduced in Figure 1. to
world. We can then consider two ing basic adverse condil
options: shallow tunnels with stations developed  rock The main topic of this paper is however what
from large diameter shafts or deep tie-back excava-  happened at the next station. On the afiernoon of
tions, and the third option of deeper construction,  Friday 12 January 2007, a dramatic accident oc-
probably entirely in rock. with all major develop-  curred at the next station (Pinheiros) along Line 4 of
ments from the underpround including the station  the Sio Paulo metro, about 1 km away on the other
caverns. In this third option there remains the need  side of the Pmhetros River. Nearly the whole of one
for an inclined escalator shaft, or in a few cases ver-  of the station caverns of 40 m length suddenly col-
tical lift shafts. These of course have to tackle soil.  lapsed. immediately followed by collapse of nearly
saprolite and rock transitions. but they are of limited  half of the adjacent 40 m diameter and 35 m deep
dimensions, making for a faster and cheaper project.
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even in the end in

station shaft. The reasons are clear after the event
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Dear Se
1 wite to T&T! on behalt of the CVA

consortium, which is composed of the five
principa) Beaziian Contractors and wo
consulting companies. CVA were recently
blamed by the Brazilian Technological
Research Instiute (PT) team working for
the prosecuting authorities, for causing
the tragic metro station colapse in S50
Paulo, which o0k the kves of seven
peopie in earty January. 2007. The
authorties nominated IPT and some
national and international consultants to
perform the 18 months investigations (see
resumé in the recent Barros et al., Nov. 08,
T&T repont “Lessons trom Brazit
Pinheros examined). [PT' official report
funs to 3.000 pages and 46 volumes.

1would frst ke to adcvess T&TT
Edorials of May, 2008 (Let's get (geo-)
physical” by Tris Thomas) and November,
2008 (Risky business?” by Amanda Foley)
T&T has underst m, tied significant
parts of both odi
cpposing-parties g now printed in
TATI. (The frst, by the undersigned. was
thied A unigue metro accident in Brazil
T&TI, My, 08)

As an international

Letters

-~ The Pinheiros
_disagreement

The Pinheiros station collapses in
January 2007, killing seven

needs to look 70 further than London,
Progue, Moscow etc. Large-diameter shaft
concepts shoukd cease 10 be 3 vakd
500 option. when major
o can bo from the underground
Longer escalators are a smal price

A3 ecitors of any published mal
ogical that one must bebeve i
that is submtted for publicatios
editorial of November 08, in which T&TI
suggest, based on a synthesis of the IPT-
and-consutants article. that “the ground
‘conditions were found to be more of less
‘exactly as predicted at the time of bidding
15 Undorstandatée In the circumstances in
which & was writen, taking in good fath
the veraciy of the subitted article. In view
of the fact that painstaking excavation
through 16.000m™ of colapsed soil, sand,
saproite, gness and mylonte. actually
revedied an

misunderstandings of rock mechanics
prnciples and tunnel stabdty concepts.
Inchucing the idea that the acgacent shaft
excavation would reduce, rather than
tangentiol stress acting above
The IPT-and-consultants
umad that Ko of 1.5 is mora
for cavern stabilty analyses
than the designers choice of Ko of 0,33,

continuum analyses concerning directioa-
of-excavation effects

Rlock cover was expected to be ameon 3
o 4m above the cavern arch, based on the
mean of he fve nearest borenoles referred
10 above. The reaity: an Inverted wedge or
iige of higher qualty rock L to 11m higher,
susTounded by wesk, westhered materal
may have wesghed a5 much as 15,000 fons,
taken together with the koading from rekc-
s Cobicliy, s srviied

ridge-0f-1ock, with top elevations mostly 9
t0 11m highar than the evidence of the
eleven nearest boreholes. one of them
dnlled aimost in this

0 the arch, suticint
wvxmwmoemoumwmu\ou
the base of the laftice-girder reinforced
40cm thick Sifr, or 10 Cause yielding and

conchision by botn IPT and the T4T1 editor
has 10 be chatenged. the centre.
e hole, the four closest boreholes were
dribed immediately around the cavern
wadis, The read stuation was ilustrated, in a
simplle) dagyamemac e e

of ths boad-
bearing structuse, where footings were more
resstant I places. the Ittice-grder steel
bars of 30me and 25mm dameter were
5661 10 have been plasticaly stratched and
tked in tension. This matches post colapes
modsling with UDEC and structurdl elerment

having practiced in more than 30 countres.
2 wid variety of tropical and undesirably
@xotic geclogical condtions. | would have
ked 10 bo able to share T&T! impled belet
that “unforeseen ground condRions’ coud
be vituay removed from the vocabulary of
tunnelies. With sufficient access. sufficient
(geojphysical techniques. and suffcnt tme
and budget, this idoal coukd no doubt b
approached, Deeper constiuction of meto
Stations from underproud, would of Course
be saer in bopical teains, but cloarly not
more expensive. as T&TI suggested i the

first acitoria. Cities without suitable geology
e o go deeper. Only the
escaiators and ther shalts are more
expansive. Statons and metro tunnels are
much cheape, and faster riven when at
‘Greater depth, in mare uniform geclogy. One

May, 08 74T/

The above fock-head elavation
discrapancy, clearly not as predicted at
the time of bidding, is miraculously
passed over in the IPT article, and in their
3000 pages report, perhaps because thew
painstaking drawings of colay
have ertonecus (-5m) elevat
10 the contrary evidence of thousands of
photographs. relatively few of which thay
roprochuced. Even after taling 9 to 10m.
rock lovas were 568 35 high as presumed
trom borehole evidence. In other locations
inthe 46 volumes. their dip-andstrike
records of jointing show the comrect high.
‘central ridge elevations. IPT geclogists
perhaps did not notice, nor 4o they
comment this dscrepancy.

Thex report. reflected in the Nov 08 T&T/
re3umd, DRArS WANess 1o many
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N-M anayses.

Some points in the IPT-and-congutant
T&TI articie of November 2008 nesd
particular comment. It is not correct that
the rate of excavation acceierated during

normal that Banch excavation Goes faster
than tunnel-front excavation: that is why it

deformation results. The accelerating
deormation shown in the Last theee to five
days prompted additional stabiizing
measures Dy CVA. but even f there had
been time to carry these out. tiuse, with
the benefit of post-coliapse analysis,
would have been nevitabie, Jue to the
unprecedented loading,

TBM prognoses in hard rock with faults using Qram
methods

N.R.Barton
Nick Barton & Associates, Oslo

ABSTRACT

As an indirect result of several seriously delayed TBM projects, where the writer was
eventually engaged as an outside consultant, a wide-reaching survey of case records was
undertaken Barton (2000), in order to try to find a better basis for TBM advance rate
pregnosis, that also included poor rock condifions. It appea.red that ‘poor conditions’ as
relating to faults were usually treated as “special cases” in the industry, with concentration
mostly on solving the penetnmm rate (PR) and cutter hﬁe aspects of TBM prognosis.
Experiences with actual tunnelling probl are d. in order to show how
good performance may be altered either in only minor ways by faults, or sometimes with
dramatic consequences. A satisfactory range of penetration rates (PR) is only part of the
possible success of TBM. These machines can achieve remarkable advance rates (AR) only
when overall conditions are favourable, then out-performing dnll-and-blast tunnellng by a
wide margin. Without this pre-condition, the TBM results may be less than desired.

1 INTRODUCTION

TBM tunnelling and drill-and-blast tunnelling show some initially confusing reversals of
logic, with best quality rock giving best advance rates in the case of drill-and-blast, since
support needs may be minimal. whereas TBM may be penetrating at their slowest rates in
similar massive conditions, due to rock-breakage difficulties, cutter wear, and the need for
too-frequent cutter change, the latter affecting the advance rate AR. This ‘reversed” trend for
TBM in best quality, highest velocity (Vg) rock is demonstrated by the PR-Vp data from some
Japanese tunnels, reproduced in Figure 1, from Mitani et al (1937)

At the low velocity, high PR. end of this data set. there will not be a need for frequent
cutter change, but conversely there will be delays for much heavier support. If on the other
hand velocities reach as high as about 3.5-6.3 km/s (i.e. @ = 100, and high UCS) due to
exceptionally massive rock, this is also “difficult ground” for TBM. and in exceptional cases
PE. may dip below 0.5 m/hr, if under-powered.

PR (e

Vp (kmisee}

Figure 1: Declining TBM penetration rate PR with elevated seismic veloctty. Mitand ot al. (1987).
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MAIN CAUSES OF THE PINHEIROS CAVERN COLLAPSE
Nick Barton

Nick Barton & Associates, Fjordveien 65, 1363 Hovik, Norway

Keywords: cavern. collapse. site investigations

INTRODUCTION

In January of 2007, seven people in a Sdo Paulo street. four of them in a small bus, were suddenly
sucked into falling soil and saprolite. from a street (Rua Capri) located about 20 m above a metro
station cavemn of 19 m span and 40 m length. This was under construction in Brazil's largest city.
Despite the evidence of four surrounding and one central borehole, and six more boreholes around
the adjacent station shaft. the assumed mean rock cover of just 3 m above the 20 m deep cavern
arch. proved locally to be more than 10 m in error. due to a buried ridge of rock running high above
the cavern arch. with one fateful low point exactly where drilled on the cavem centre-line.

SUB-SURFACE RIDGE OF ROCK WENT UNDETECTED

Due to the assumed low rock cover. heavy lattice girders. embedded in 40 cm of S(fr) were used as
temporary support. The feet of the lattice girders were founded on broad ‘elephant” footings. Due to
the unknown loading from an adversely wedge-shaped. clay-bordered. ridge of rock and saprolite.
weighing some 15.000 tons. all forms of temporary support would eventually have failed. Post-
collapse. painstaking. police-supervised excavation of the entire 20 by 20 by 40 m of collapsed
materials. taking some 15 months, finally revealed large remnants of the arch and wall support.

crushed and folded beneath the ndge of fallen gnetss and amphxbolne plus saprolite, sand and soil.

On the way down through collapsed material. the d of the ridge were exposed all
along the centre of the excavation. Even after falling 10 m to the floor of the cavem. the ridge of
rock was 1 to 4 m above the original cavern arch. This fact seems to have been overlooked by the
official investigators, the institute IPT. This is remarkable. but may be due to errors in elevations on
their drawings of the collapsed rock. Nevertheless in dip-and-strike recordings. elsewhere in their
46 volumes report for the prosecuting authorities, IPT give the correct elevations of the fallen ridge.

Figure 1. The dramatic cavern collapse in Sdo Paulo, during construction of the Lme 4 subway. The feamre
‘FF’ marks the limit of the collapse, in the street Rua Capn where six people died.
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APPLICATION OF THE Q-SYSTEM AND Qrem PROGNOSIS TO PREDICT TBM
TUNNELLING POTENTIAL FOR THE PLANNED OSLO-SKI RAIL TUNNELS

Nick Barton & Bjernar Gammelseeter
NB&A, Norway Jernbaneverket, Norway

ABSTRACT

Application of statistics-based rock mass characterization of more than 300 rock exposures
totalling some 6 km is described. This was followed by utilization in TBM prognoses for the
planned route of a major tunnelling project. Jembaneverket's planned new high speed Oslo-
Ski Follobanen can have up to 19 km of tunnel length, depending on the final decision on
alignment. In addition to the logging of the numerous surface exposures, JBV's dnllcore
logging and GeoPhysix’'s seismic refraction measurements were also utilised, the latter both
focussed on data acquisition for the crossings of assumed weakness zones. The dafa
collection, principally using the Q-system histogram method. was the first stage of input to
the Qram prognosis modelling of potential penetration rate PR, and actual advance rate AR for
the two twin tunnels that are likely to be driven by TBM. Laboratory test data from SINTEF
concemning strength and abrasion parameters for the mostly granitic/tonalitic gneiss, and also
for the quartz- and feldspar-rich gneisses of sedimentary origin, were combined with the Q-
data stafistics to give estimates of potential tunnelling speeds. assuming five rock mass
classes and three weakness zone classes. Characterization of the weakness zones was based
on the core logging data and refraction seismic measurements. Prognoses were compared for
hard rock open gripper TBM and for double-shield TBM. where robust PC element liner
construction concurrent with gripper thrust gives a potentially very fast method of tunnelling.
This more expensive method of tunnelling is compensated by its general efficiencies
enabling conversion of a possibly ‘poor” PR into a “good” AR due to the high utilization, and
it also gives a water-tight and fully supported tunnel. It has been used with notable success in
some other high-speed rail projects through hard rock masses. despite the need for frequent
cutter-changes.

SAMMENDRAG

Det er utfort bergmassekarakterisering av mer emn 300 lokaliteter langs utvalgte
fiellskjeeringer. Bergmassekarakterisening/kartleggingen omfatter totalt en lengde av cirka 6
km  Arbeidet er utfort i forbindelse med TBM prognoser for Jernbaneverkets planlagte
tnnelprosjekt Oslo-Ski, Follobanen.  Follobanen planlegges som en hoyhastighetssbane
med opptil 19 km tunnellengde avhengig av hvilket trasealternativ som velges. I tillegg til
karakterisenng av et stort anfall fiellskjennger er det anvendt data fra JBV's

borkjernelogging og refraksjonsseismikk utfort av GeoPhysix. Disse dataene er 5pes1e1r
utnyttet for tilleggsinformasjon om svakhetssoner. Dette datagmuﬂ]aget med hovedvekt pi
Q-histogram logging wvar forste stadium i anvendelse av Qmenm for & gi prognoser pa netto
inndrift PR og brutto inndrift AR Denne Qrpy prognosen gielder for eft av tummel
alternativene hvor TBM vurderes som drivemetode. Laboratorieforsok angiende trykkfasthet
og kutterslitasje foretatt av SINTEF for hovedsakelig granitisk/tonalitisk gneis og for kvarts-
og feltspatrik gneis av sedimentzr opprinnelse. var anvendt 1 kombinasjon med disse
statistiske Q-data, for & g1 drivhastighetsvurderinger gjennom fem antatt bergmasseklasser og
tre amfatt svakhetssoneklasser. Karakterisering av svakhefssomene er basert pd
borkjernelogging og seismild. Disse TBM prognoser sammenligner bade ipen-gripper TBM
og dobbelt-skjold maskiner. de siste med sinmltan bygging av betongelementforing og boring
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Low Stress and High Stress Phenomena in Basalt Flows

Nick Barton & Associates, Oslo, Norway

ABSTRACT: Contrasting. geaphysical, rock mechanics and rock engineering experience in basalts,
causedby either exceedingly low or extremely high stress are described, from projectsin the USA and Brazil
The first mvolves a nuclearwaste characterizationproject in Hanfordbasalts in the USA_ and the second de-
scribes, in much more detail, stress-fracturing problems in numerous large tunnels at the 14350 MW Jtahydro-
electric projectin SE Brazil's basalts. Particular phenomena that were noted inclhide linear stress-strain load-
ing curves when columnar basalt is loaded horizontally, and a ko value reaching about 20-25 at Jta HEP.

1 INTRODUCTION
The beanty of columnarbasalt. and the huge areal.
extent.of basalt flows across Jarge tracts of many.

perhaps the features that charactenize
baszaltmostprofoundy. The Colombia Riverbasalts
in USA, andthe Parana Basinbasalts of S E. Brazil,
arejust two ofthese major accuwrmlations of 10°s of
thousands of km? ofbasalt. In this paper, some so-
phisticated characterization in the first location men-
tioned, in the hope of finding 2 nuclear waste dis-
posal candidate, and some major rock engineering
problems due to extreme horizontal stress in the se-
cond location, will form the core of this paper.

Eigura.]. Basalt formsblocks of many shapes and forms
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2 _STRESS-DEFORMATION CHARACTER

One ofthe USA’s nuclearwaste disposal candidates
of the mid-eighties was the 900 m deep Cohasset
flow of the extensive Colombia River basalts. This
was found some distance awav at a more converient
shallow depth for preliminary but extensive charac-
tenzation studies, at the so-called Hanford BWIP
(basalt waste 1solation project).

Some mteresting joint deformation effects were
caused by the low horzontal stress levels at this
(too)shallowlocation, asrevealedin an in sifu blodk
test, and at larger scale in some cross-hole seismic
measuwrements in a tunnel wall, showing,
effects. At eachscale, behaviorwas affected in spe-
cial waysby the anisotropic joint properties and by
amsotropic stress levels, particularly the low hon-
zontal stress. The latter could be controlled in the
block test, and thermalloadinglogically caused jomt
closure: the original state. An.unexpected limear
stress-deformation hehaviour was measured in the
block test, apparently due to the contibutionofboth
shear and nonmal components of joint deformation.

Some site charactenzation was performed by the
author, along exposures of the candidate Cohasset
Flow (Figure 2}, which formed mmpressive cliffs
along the distant Colombia River. Bothjoint proper-
ties and rock mass properties were described, in an
attempt to evaluate theirpotential effect on disposal
tunnels planned for 900 m depth at the candidate
site, and possible tunnel support quantities.

Drilling and stress measurements had indicated
strongly anisotropic stresses of approximately 60, 40
and 30 MPa, andsome cores, presumably drilled. in.
the midst of cohmmmarbasalt, displaved strong core
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PROGNOZOVANI VYKONU STROJO TBM PRI RAZBACH VE SKALNICH
HORNINACH S PASMY OSLABENI POMOCI TBM BEZ STITU
NEBO TBM S DVOJITYM STITEM
TBM PROCNOSES FOR HARD ROCK WITH WEAKNESS ZONES,
USING OPEN-GRIPPER OR DOUBLE-SHIELD SOLUTIONS

NICK BARTON

SHRNUTT

Dalekosihlé posouzen raZby tunelovacimi stoji (TBM) s poufitin
TBM bez ititu ¥ porovini s TBM s dvojitfm titem, kde je popis bor-
ninového prostied( méné presng, vytva zikladnu po metodu pro-
gndzovin nazgvanou Q. V phispéviu jsou uvedeny néktené poma-
Xy 2 Getngch posuzovangch piipadii. ndsledovand krilfm dvodem
¥ empiriekgm metoddm zalozenfm na klisifikaci. Udaje o vykonech
strojii TEM »,J.m; 2 informacf z asi 145 pifpadii, respektive as
1000 ki razeb, jejichz cekove vykony jsou sloufeny. Od vaniku této
mﬂxlyscchh»i ‘zikladna 2vésila wk, aby obsshoval data pro rafbu
stroji TBM s dvojitjm &titem ve tvrdgch vyvielfch homindcha s abra-
zivitou podobnou 16, kierd je v pHpadé popsaném ddle v tomto pis- | g i TEM. The
pévku, konkétn na dvou tunelech rafengch v tvidé homind s psmy |
oslabent, kieré se maji provad bud pomoct TBM bez S, nebo
TBM s dwojitgm Etiem. Plinovand tunely budou tvaiit vysokorych-
lostnf norskou trat'z mésta Ski do Osla. Maji s razit bud pomoef trha-
cich pracf z ndkolika deleb, nebo pomoci TEM, kieré majf byt pousity
na tunely délky 7.9 kma 96 kan. Z divodu nebezpetl sedénd je mutno | raction prof
v riznjch mistech omezit pitoky vody. Data se sbirala VEtsinou
pomoci Klasifikace podle Q-histgramu vice neZ 300 skalnfch z&ezi, Immnutmnn
astiico v piipads phsem aslabent s powsilo refrakenl seismické pro-
filovani

w
planned
k to Oslo from Ski in fhe

ovoD
Ti, kteH 2naji Q-systém klasifikace hominow ého masiv, budou zndt
fadu hodnot Q & pidavnd jména slabf”, .uspokojivy™. .
uvedené na obr. . Namfsio doporutent pro zajitént virubu 5 vid

2de uFivi Klasifika®ni diagrmam. podle kierého se trendy
T T
& [ [omuromn [rmonon | roonrae 5
[ z
2 H
2 — 2
H 4 [ 8
H I [ 3
H . . =
LS =k 5 ]
0.001 a0t o1 10 1000
Q-VALUE

Ol 1 Metoda Qspedém pro klasfikacs a8ty virubu @ posiel joho vsiro-
Je e 2de pouiva k vyjédient relafivms abanasts rahy funclu pomaci THM,
s vjupy picdstavy o rychlasti pronikeni PR a rychlas® pasiupu AR

Fig. 1 The Qrsystem method of classifying tunnel wabiiy and sppors needs
i wsed here (o indicale the relative difically of driving imnnels by THM, wigh | onscen inthe perf

carves i sugges PR (penetruson rute) and AR (advance rate) AR =PR x T )
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TBM prognosis for open-gripper and double-shield machines
tunnelling through hard jointed rock with weakness zones

Dr. Nick Barton, NB&A, Oslo, Norway, nickrbarton@hotmail.com
Abstract

A wide-reaching review of TBM tunneling with open-gripper TBM, forms the basis of a prognosis
method called Ggy. Double-shield TBM case records were not used in this initial development as
description of the geology and jointed ground is difficult and therefore rather poor. The method of
prognosis, using a simple input and calculation model Qmy has been used on many projects since
its development in 2000. The TBM performance data-base numbers some 145 cases representing
about 1000 km of TBM tunneling. Since the development of this method, the case record data
base has been increased fo include double-shield TBM, specifically driving in hard igneous rocks,
and of similar abrasiveness fo the case to be described in this paper. Open-gripper or double-
shield TBM may be used to form a future high-speed rail link from Oslo fo Ski in the south, involv-
ing 9.6 km and 7.9 km long tunnels. The predicted times for individually driving the two tunnels,
using the two TBM options, ranged from about 13 to 41 months

The shorter tunnel in the south is quite shallow. Data collection to represent likely rock mass condi-
tiens, for input to the Qg prognoses, was based on Q-histogram classification of more than 200
rock cuttings, during a three weeks field logging campaign. Core logging of the lowest quality sec-
tions of seven inclined drillholes, for correlation with local seismic refraction profiling, was utilized
as input, when modelling weakness zones. P-wave velocities of 2.2, 2.7 and 3.4 km/s were found
to be the mean values for three major groups of weakness zones. Penetration rates and advance
rates were estimated for five rock mass classes, with Q-values ranging from 1 to about 200, and
for the three weakness zone classes, with a range of widths approximating 18 to 20 m. The most
frequent rock type logged was granitic tonalitic gneiss, with lesser frequencies of quariz- and feld-
spar-rich gneiss, granitic gneiss, and amphibolites. Mostly UCS was equal to or greater than 200
MPa, and the adverse cutter life index CLI values were typically from 5 fto 10. Cutter forces mod-
elled were generally from 22 to 32 tnf, but lower in the weakness zones.
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Fig.1 Exampie of the Gz, prognosis for the 9.6 km Nerth Tunnel (18 months), assuming double-
shield excavation, hence the lesser gradients than for open-gripper TBM (see ‘open-gripper’ adjec-
tives in figure back-ground). Altogether, some 300 rock cuftings were Q-logged to obfain neces-
sary rock mass quality dafa for the two tunnels. This was combined with the rock-machine data.
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An Engineering Assessment of Pre-Injection in Tunnelling

N.RBARTON
Nick Barten & Associates. Osla, Norway
(nickrbarton @homail com)

ABSTRACT: Water & one of the most difficult of the adverse parameters needing control when drving
tunnels. If significant inflows are suddenly ocouming at the new tunnel face, the needed control & aleady too
late, 35 post-mjection has to be at lower pressure, and even sealing oflaahng bolr ho]es i time-consuming and
fustratmg work. The water under pressure i drawn down to tible manner, and
any soft materak may alio be eroded. possibly allowmg rock-blocks h: fa]l md sudden m-rushes to be
facilitated. Pre-mjection of the rock mass some tens of meters zhead ofthe face, using high pressure if possible,
bas been shown to ‘nommlise” progress. lrgely rempving swiprises, and making penctiation of even serious
fault zones possible. This paper add luse of pre-injection, in which the pred of

jomt apertures, grout penetration bnstations, and possible grout take vohimes per cubic metre of rock, can each
be estmated, 35 2 result of 5 to 10 MPa pre-imjection pressures. Joints are obvicusly opened more than i the
preceding Lugeon tests, and nuany rock mass properties can apparently be mproved if stable, non-bleedmg,
non-shrinking cement-based materisls are used The one day delay for each grouting screen, when planned for,
proves a good mvestment in overall tunneling progress.

1 INTRODUCTION

orwegian unlined HEP pressure tunnel desizns took many years to reach heads of 1000m after eventually
leaming to trust in the hrger minimmm rock stress that prevents leakage. It has also taken numny years to reach
10 MP3 injection pressures when pre-grouting ahead of funnels. where mflows need to be controlied to betwaen
1 and 5 htres /min/100m or where tunzel stability needs improvement, or both of the above. Three recent high-
speed mil tunnek, driven through varisble geology under built-up areas towards the capital city Oslo, have
benefited from a total of 12 km of systenatic pre-injection. These ewperiences have demonstrated the
possibilities for pra-ijection prognoss, and most importantly have shown that rock mass properties are
mproved. and support needs are reduced. Progress & a constant 15 to 20 mper week for the coupleted turnels.

The pre-injection performed in the first funnel was focussed on the natural (sbove-tunnel) environment, and
different classes of nflow were pre-designed. according to sssummed sensitivty to ground-water draw-dows. The
Last tunnel was injected more stiictly, with enphasis ako on the long-term tunnel dry
arches (observed), dry walls (observed) and dry mverts (presumed), seem to have been ae}med in 99.9% of the
typical Emsstons, chals and imecus-dykes geolbogy. Inflows a: low a: | hmeimmn /100 m were achisved,
roughly equivalent to 107 mv's permeability. Overbreak was greatly reduced, and support needs also reduced.

Table 1 Approxinmte costs of pre-imjection needed to achieve various levels of ‘dryness’ in 90 m® tunmels.

Tnflow (approx) Cost

30 Vomn/ 100 m 1400 US § /m
10 Vmin/100 m 2300 US $/m
5 Vo100 m 3,500 US § /'m
12 Von/m100 m | = 5,000 US$/m

Do we know the actual effcts of this high pressure injection on the rock mass? Can effects be quantified in
any way? The answers are yes to both questions, bacause it has been found from recent Norwegian tunneling
projects that high pressure pre-injection. may be fundamental to 3 good result: ie. mmch reduced mflow fusually
z=ro), mproved stability, little over-break, and an obvious need for less support. Part of the reazon for a zood
result i that the injection pressures nsed ahead of Norwegian tunnels are far higher than have naditionally been
used. Even at dam sites, where, masinuum grouting for deep dam foundations have been lumted to
about 0.1, 0.05 and 0.023 MPa/m depth in Europe. Brazl and USA respectively: Quadros and Abmhio (2002)
Increased seismic velocity = seen as one of the results, plus at least some of the desired reduction i
permesbility. Various results of pre-mjection have been reviewed i Barton (2006), and estimstions of mproved
rock mass propesties were presented in Barton (2002).
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Numerical modelling of two stoping methods in two Indian mines using
degradation of ¢ and mobilization of ¢ based on Q-parameters

N. Barton®, S.K. Pandey ®*

* Nick Bartan & Awsodates, Norway
® Rack Mechanics, Hindustan Zine, Uekaipur, India

ARTICLE I ABSTRACT
Artide bistery: Twea Indian mines are the subject of a comparative study of 2 strain-softened Hoek-Brown and FLAC 30
Reczned 27 May 2010 modeling, and a novel ‘¢ then tan ' strain-softening-strain-mobilization approach, using (-system based
Received in revised form input data Ihlsappmxh is also used with FLAC 3D, using identical stope geometries. The parameters (T
lf‘:"'y m‘“‘ o and K, denoting the coh, nd Frictional hear st

ped 1 July from the -logging and knowledge of UICS, and are the source of the peak valuss. Measured deformatians,
_— O he TS ecorced oer the ot length of e g istalled MPRX, it compared and efciely
Keywards: calibrate the madels in view of the very similar based
Q on Q using the competence fictor apprach, as in SRE The ‘c then tan ¢ approach appears to give the mest
e . realisric match to observations in the mines, indluding the modelling of a shear band within the back or
Ficriond companent oof of 2 stope. rather than ai the surfuce of the stope. The -based approach alsa uses a depth-dependent
Displcements modulus, and this i perhaps the reason why the strain-softened Hosk-Brown model, without this
Mokl stiflring with depth, shows ‘lobal failure’ in a second mine having 2 wider range of depths within one
Depih dependence model, and many openings, since modulus s not increased in standard-method approaches.

22011 Elevier Ltd. Al rights reserved.

1. Introduction A long time ago. in the late 1960, there was 2 move to ry to
advance beyond the confines of continuum modelling, 2nd focus on

From Empiricism, Through Theory, Ta Problem Solving in Rock Engineering:

a shortened version of the 6™ Miiller Lecture

Nick Barton
NBdeA, Oslo, Norway.

ABSTRACT: The behaviour of the jointed-and-faulted ter-bearing media that we call rock masses, was an
abiding pre-occupation of Leopold Miiller The author has been smmilarly pre-occupied So starfing with modest
developments from tension-fractured physical models, and progressing to the real jointed and fhree-dimensional world in
due course, 3 few of the mumerous lessons leamed and v applisd in rock practice will be described
These inchuded non-linear and block-size dependent shear strength, no scfusl cohesion, and the possibility of thermal over-
closure if rock joints are zouzh. A six orders of magmitude rock quality Q-scale kas proved essential Discontimions
behaviour provides rich experiences for those who value reality, even when reality has to be simplified by some empiricism.

KEYWORDS: rock joints, rock masses, physical modelling, site ch i ing, rock failure

1. INTRODUCTION

Determination of input parameters for numerical modelling of
rock masses, though apparently made ‘simple’ if one follows the
GSl-based Hoek-Brown formulations and standard commercial
software, is inevitably a very poorly quantified area of rock
mechanics, when one considers the actual complexity and varia-
tion within any given rock mass. Thase whase job it is to log care,
mining drifts or tunnel walls, and record the variability know
they are committing a gross simplification if they later have to
choose, or allow modellers to apply, single RMR, Q or GS7 values,
even for single domains.

The geotechnical behaviour of the rock mass, whether of the
real variably jointed-partly intact medium, modelled with differ-
ent joint-set properties in UDEC or 3DEC (including numerically
elued “joints), but especially when simplified s an isotropic
ontinuum, is inevitably rather poorly quantified. This is despite
the ‘good feeling’ one may have in secing nicely defined linear or
non-linear strength envelopes. Actual deformation and failure
modes are a subject of great uncerainty, and controversy,
especially in the case of attempted ‘continuum’ modelling, forced
on us ‘by the scale of the problem’,

* Carrespanding author. Tel: 4918413084531,
Fema addresses: SuneetPandey@vedinta co.in,
.k_pundedyahooco.in (SK Pandey).

1365-1603/S- ses fromt matter & 2011 Ebevier Ltd. Al rights reserved.
o 101016 firmms201 107002
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the possible actwal effects of jointing on the performance and
reinforcement needs of mdk excavations, be they tunnels, stopes,
slopes or dam abutments. Thanks to the late 19605 modelling
developments of Goodman and his colleagues with joint elements
in FEM codes, immediately followed by Cundall, first with pDEC,
then UDEC and Lter with 3DEC, this focus an greater reality could
be fulfilled by an increasing number of rock mechanics practitioners
around the world. However, utilizing these codes corredtly, with
realistic input data, induding geometric aspects, needs experience,
time and therefore budgets t© match. Furthermare ‘the scale of the
problent’, at least in mining, still cuses the need 0 approximate
with continuum modelling and dasto-plastic behaviour approxima-
tion. This ‘fall-back’ method, used only because of necessity, is also
reparted here, but with some important differences in relation to
conventional methods of developing input data and its application
in the models. Promising trends are indicated.

2. Shear strength of rock masses is a non-trivial subject

The conventional addition of chesion (c) and the tangent of
friction angle (tang), in continuum models, either in linear
Mohe-Coulomb form, or in a non-linear Hoek-Brown formula-
tion, is unfortunately suspect, when one considers that the

Figure 1. Confronted with this poiertially unstable jointed rock
l!quv, ‘multiple reasons for the over-break and instability suggest
thamsalver. There are clearly averse valuas of JRC, JCS, and ¢,
and there are also adverse ratings of Ju. Jr. Ja fand Jw on

occasian).

The lessons leamed during the development of these

parameters, which are now widely used in many
countries, will be summarised in the following pages. Their
application has been in widely diverse projects.

2. TWO-DIMENSIONAL ROCE MASSES SIMULATED
WITH PHYSICAL AND NUMERICAL MODELS

The desire fo model the behaviour of jomnted rock slopes in
late nineteen sixties P D). studies at Imperial College, led to
tension-fracture models by the wrter, and numerical
modelling developments (pre-uDEC) in the case of student
colleague Peter Cundall The relative mflexibility and

2011

Figure 2. A study i conasts: physical modeliig using tension-
fractire generation. and mumerical modeiling using uDEC: this
‘caniple demonstrates a fiction angle for the joint: of ¢ = 20°

flexibility of the two approaches is readily imagined from
Figure 2. The single mumerical slope model demonstrates
the influence of changed friction angles, and was reported
some years later, in Cundall et al,, 1977 (1975 conference)
Despite the shortcomings of physical tension-fracture
modaks, the writer nevertheless discovered fhat the peak
shear strength of these rough and clearly mweathered
tension frachwes could be described by a simple relation
involving the uniaxial compression swength (s,) of the
model material (Barton, 1971). This was to prove useful

=0, tan [20 log (5, '5,) + 309 W
This equation, and simple links to peak dilation angle,

proved to be the unweathered and roughest ‘end-member’
of the Barton and Choubey, 1977 equation for the peak




Assessing Pre-

Nick Barton of Nick Barton & Associates, Oslo,
Norway addresses successful use of pre-
injection, in which the prediction of groutable
joint apertures, grout penetration limitations,
and possible grout take volumes per cubic metre
of rock, can each be estimated, as a result of 5 to
10MPa pre-injection pressures. Joints are
obviously opened more than in the preceding
Lugeon tests, and many rock mass properties
can apparently be improved if stable, non-

 —)

NORWEGIAN UNLINED HEP

areas 1owad:
benefited from a tc

inking
materials are used. The one-day delay for each
grouting screen, when planned for, proves a
good investment in overall tunnelling progress.

its, plus at
eductior

Table 1: Approximate costs of pre-
injection needed to achieve various
levels of ‘dryness’ in 90m’ tunnels.
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A measured response

In a letter addressed to the editor, Nick Barton outlines the discrepancies
and inaccuracies that he sees in the paper ‘Designs in Jointed Rock’, by
Walter Wittke and René Sommer, published last month in World Tunnelling
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Designs in jointed rock

Dr Walter Wittke and Dr René Sommer compare rock mechanical models
and classification systems, and ask whether their application involves any risk
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geolechnical investgations

< 70k redhanical model

LEADERS

Deseribe your edueation and earees ta date

Teenage experiments in corstructing miniature
earth dame for impounding water and eresting
antfficial floods near our stone coitage in

Wiles led me i a B¢ degres course in cvil
enginesring 3t King's Collegs, London, in 1963

‘Guidance from my ‘prof, Kevin Nath, then
Led ma 1.2 nauly formed rock slope ressarch
team at Imperial College, whese my PhD
student eslleagues ineluded john Sharp
(director of Geoknginesring) and Peter Cundall,
of subsequent UDEC and 3DEC numerical
modelling farme. Peshaps Mr Cundall was
ctimulated by my inflexible, intereecting
tension-fracture model studies of steep,
exeavated rock slopes using 40,000 ministure
“rock’ blocks so that he oon created something
more usesFierdly for the profesion.

Halfway threugh my PhD (1066-70),
mernorable Thames-zide lunch with Mr Nachiz
Danish eafleague, Dr Lausits Bjemurn, direstor
of the Norweglan Geotechnical Institute (NGI),
eventually led me to Norway and employment
n NG dam, rock and avalanche division,

The 25 years spent 2t NGI (197180 and
1984-2000) formed the primary influence in my
professional carser in rock mechanics and rock
engineering. The firzt periad involved both time
are rezearch budges for development in rock
enginsering and rock machanies (Q-systarn, and
rock and joint-srength criteria; the Latter with
the roughness parameter JRC). Itwas also the
beginning of extensive national hydrapower and
foreign-project tunnelling work.

After four valuable years of research and
ity testing at Tema Tek, Salt Lake ity my
second period at NGl comprised five years of
administrative and technical duties as division
direcior. Reservoir engineering and rock
mechanic: laboratory group: were added to our
peevicus dam and avalanche groupings,
following the challenges of North Sea petroleum
developments, including reservoir subsidence
are borshale stsbility

In my last ten years at NG, | held project
manager and technieal advisor roles in
numerows foreign project, involving ruclear
waste site characterisation (eg UK Nirex, SKB
Swipa), hydropower peoject tunnele, caverns
(eg Giowikd and dams, road tunnels, and bridge
foundations (Hong Kong).

Sinee 2001, Niek Barton & Assoeistes — 2
maztly one-man intemational consultancy - has
bought e b sy more ehallenging projeets in
atotal of 35 countries. New experiences and
travels oceur every few weeks In 2 never-ending
contact with the frequertly unpredictable-
indetal hyd I | found in

Cue: Nick Barton

Nick Barton is an internationally acclaimed tunnel
engineer, known for devising the Q-system of

rock classi

cation, who has researched and worked

on a large number of tunnel projects worldwide.
He talks to George Demetri

“Why select multiple-

budget |JI‘Uit‘(lE to save

a few small percentage

points on maintenance
of escalators?”

stuck in lower Himalayan thrust belt. In 2000
and 2006, | wrate a book on

(bolts and anchors) for different sized cpenings,
situated at widely different depth:, needed to be
linked to the different deformations recarded
Thiz was a different and more challenging
problem than addressed when Beniawski
developed RMR frock mass rating) one year
earlier — which | was net aware of.

The Quvalue scale, and its six crdess of
magnitude, was gradually developed over b
meonths of trial and error. The scale proved
eapable of anewering the question posed, and

(QTBM) and also a eross-discipline text book
on rock quality and seismic velocity

Proving a source of pride, but alo a significant.
ehallenge for 20111, has basn my designation as
the sixth Mueller Award lectures at the next
Intermational Secisty for Roek Mechanies (ISRM)
congress. Thiz award honours the memory of our
first ISRM president.

My chazen title will be: ‘rom empiricism,
through theory, 10 problem selving in rock
engineering'. Bath in India and Hong Kong
firecuently), and in China, this lectures or
thort-course deliverer it introduced az “having a
PhD from Empirical College”, w the telected
title of this lecture was self-evident

You dev f rock-mas

The Nonwegian State Power Board (subssquently
Stathraft) posed 2 request for 2 technical
explanation 35 1o why Norwegian hydiepower
eaverne were displaying widely different
magnitudes of deformation. Thiz agency, which
e st of the werld's eleetieity generating
capacity, was apparently net hurt by waiting
more than six menths for my report, which
could not be written until a rock-mass

L rethed had been developed.

numerous exctic project sites. These include
double-curvature arch dams that exceed 300m
in height, and railway tunnels (and TBMz)

The nature of the question ichance or fate?)
meant that rock-mass quality, rock-support
need: (theteretel and rock-reinforcement needs

has o have simpl rock
mass, and joint and discontinuity shear emenggh,
deformation modulus, seismie velocity and
seizmic attenuation, 3 well = tunnel and
eavarn support nasds, ar depths from the surface
to about 3km.

Why sisch 4 system (and Bientawskis RMR
frem 1973) was ot developed long before may
perhaps relate to the increasing use of more
economic single shell solutions; these are
epitomised the world oves in our big eavems of
15-60m span. But, these solutions have been
tlow to achisve acesptance in our much
smaller-section tunnels; notably those supported
by the zo-called NATM, where even the use of
fibre-reinforeed shoterete has been slow to.

arrive in relation to it early use in Scandinavia.

Chance or fte bought me 1o Norwegian ‘naminally
unlined' hydropower tunnel territory in 1971,
which evennually smounted to mone than
3,500km of such tunnelz. Road and rail tunnels
totalling seme 1,500km have had the more
eomsenvative — but alea single-shell — reatment
of permanent support and reinforcement.

“Efficient pre-injection
ensures project longevity
and more predictable
lifetime budgets”

TmﬁELLIﬂG March 2011
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Dr. Nick Barton's interview
Zagreb, 02.06.2011

]

Nick Barton Ivan Vrkljan

Dr. Nick Barton was interviewed by Prof. van Vrkljan during Dr. Barton's stay in Croatia from 1 to 6 June 2011
Dr. Barton came to Zagreb fo hold a short course entifled "Rock Engineering for Tunnels (Drill-and-Blast ang
TBM}, Pre-Grouting, Cavems, Dam Abutments, Rock Slopes and Rockfill. The course was organized by th
Croatian Geotechnical Society (CGS) and the event was hosted by the Faculty of Mining, Geolegy and Petroleun|
Enagineering of the University of Zagreb. Dr. Barton also gave lhe 10% Nonveiller Lecture entitled- "Pre-Grouting
for Water Contrel and for Rock Mass Property | " I iller Lectures are organized by the Croatial
Geotechnical Scciety in honour and memary of profecsur Ervin Nonveiller. On the occasion of this lecture, CGY
awarded the plague of recognition to Dr. Barton in deep appreciation of the scientific and professional suppor|
given to the Croatian Geotechnical Society. lvan Vrkljan is a Full Professor for the Engineering Rock Mechanicy
at the Faculty of Civil Engineering of the University of Rijeka, and the Head of Geotechnical Laboratory at the
Institut IGH in Zagreb. He is aleo the Secretary General of the Croatian Geotechnical Society.

Brief information about Nicholas R. BARTON

Dr. Nick Barton was educated af the University of Londeon from 1963 fo 1970 and has a B.Sc. degree in civ|
engineenng from King's College, and a Ph.D. degree on rock siope stabillty from Impenal College.

Cne of Dr. Barfon'’s principal contributions to rock mechanics is his work related to disconfinuifies in the roc)
mass. In the course of 1972, while he conducted research work at the Norwegian Geotechnical Institute, hy
developed the peak shear strength criterion for rock joints, which had already been presented in his Ph.D. thesi)
on Rock Mechanics defended in 1971 af the London’s imperial College. He infroduced a modification of thi
m.renm in 1975 (basic frictional angle was rep!aced by residual frictional angle @), and in 1978 (mobiiization an(

fation of joint h JRC with di #l. He also infroduced the Barfon-Bandiz Model finking
deformation, dilation and aperfure. In 1985 the Barfon-Bandis model was installed as a subroufine in thy
Cundall's remarkabie UDEC code, in form of UDEC-BB.

Dr. Barton developed the well known () system for rock classification which is used in the design of suppoi|
systems, both in tunnels and in large underground cavems. The () system is also wsed for rock mas)
charactenization. Dr. Barton linked his classificafion (Q value) with the deformations in funnels and caverns, any
with rock mass demahﬁhf modulus. These relations were improved in 1995 when he found out that fhy
P fer Qc (0 d by sirength different from 100 MPa) correlafes well with seismi|
velocities aﬂd deformability moduli.

In 1999 Barlon developed the (JTEM method for predicling TBM single-shield and double-shield performanc
in jointed and faulted rock, and for esfimating TBM tunnel rock reinfarcement and supporf needs.

In 1994 and since then he has actively promoted the Norwegian Method of Tunnelfing rNMT]I with the () systen|
for support selection, as a viable single-shell alternafive for permanent funnel support in countries outsil
Norway. Thiz is an to double-shell methods including infer alia the New Austrian Tunneling Metho
(NATM), at least when rock mass conditions are ‘mommal” (poor, fair, good eft).
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SHEAR STRENGTH CRITERIA FOR
ROCK, ROCK JOINTS, ROCKFILL,
INTERFACES AND ROCK MASSES.

Nick Barton,
Nick Barton & Associates,

Oslo, Norway
e-mail: nickrbarton@hotmail.com

Summary. Although many intact rock tvpes can be very strong, a
critical confining pressure can eventually be reached in triaxial test-
ing, such that the Mohr shear strength envelope becomes horizontal
This critical state has recently been better defined, and correct curva-
ture, or correct deviation from linear Mohr-Coulomb has finally
been found.

Standard shear testing procedures for rock joints, using multiple
testing of the same sample, in case of insufficient samples, can be
shown to exaggerate apparent cohesion. Even rough joints do not
have anv cohesion, but instead have very high friction angles at low
stress, due to strong dilation.

Great similarity between the shear strength of rock joints and
rockfill is demonstrated, and the interface strength between rockfill
and a rock foundation is also addressed.

Fock masses, implving problems of large-scale interaction with
engineering structures, may have both cohesive and frictional
strength components. However, it is not correct to add these, follow-
ing linear Mohr Coulomb (M-C) or non-linear Hoek-Brown (H-B)
standard routines. Cohesion is broken at small strain, while friction
is mobilized at larger strain and remains to the end of the shear de-
formation. The criterion °c then tan ¢ should replace ‘c plus tan @’
for improved fit to reality. In all the above, scale effects need to be
accounted for.

Kevwords. Rock, rock joints, rock masses, shear strength, friction,
critical state, cohesion, dilation. non-linear, scale effects.
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From Empiricism, Through Theory, To Problem Solving in Rock Engineering:

a shortened version of the 6™ Miiller Lecture

Nick Barton
NBd&A, Oslo, Nerway.

ABSTRACT: The behaviour of the d-and-fanlted. ter-bearing media that we call rock masses, was an
abiding pre-occupation of Leopold Miller The suthor has been similarly pre-occupied. So starting with modest
developments from tension-fractured physical models, and progressing to the real jointed and three-dimensional world in
due course, a few of the numerous lessons leamed and subsequently applied in rock engineering practice will be described.
These included non-linear and block-size dependent shear strength, no actual cobesion, and the possibility of therml over-
clozurs if rock joints are roush, A six orders of magmifude Tock qualify Q-scale Eas proved sssential. Discontimuous
behaviour provides rich experisnces for those who valus reality, even whes reality has to be simplified by zome smpiricism.

KEYWORDS: rock joints, rock masses, physical modelling, smpiricism, site characterization, fummelling, rock Ssilure

1. INTRODUCTION

Figure 2. A study in conirasis: physical modelling using tension-
fracture generation, and numerical modeiling using uDEC: thiz

Figure 1. Confronied with this poteniially unstabie jointed rock  example demonstrates a friction angle for the joint af @ = 20°
slope, multiple reasens for the ovar-break and instability suggest

themselvas. There are clearly adverse values of JRC, JCS. and 8. flexibility of the two approaches is readily imagined from
and there arc alio adverse ratings of Ju, Jr. Ja (and F o Figure 3. The single mumerical slope model demonsirates
occasion). the influence of changed fiction angles, and was reparted
The lessons lesmed during the development of these 50me yews later, in Cundall et al, 1977 (1975 conference).
empirieal parameters, which are now widely wed in many ~ Despite the shortcomings of physical tension-fracture
countries, will be summarised in the following pages. Their  models, the writer nevertheless discovered that the peak
application has been in widely diverse projects. shear strenzth of these roush and clearly unweathered
tension fractures could be described by 2 simple relation
involving the wmiaxial compression sength (o) of the
mode] material (Barton, 1971). This was to prove useful.
The desire to model the behaviour of jointed rock lopes in < o tan [20 log (5, 2,) + 30°] I
late nineteen sixties Ph.D. studies at Imperial College, led to

tension-fracture models by the wnter, and numencal - - - -

This equation, and simple licks to peak dilation angle,
modelling developments (pre-uDEC) in the case of student  pyoved 1o be the unweatherad and roushest ‘end-member’
colleague Peter Cundall. The melative aflexibility 2ed  of foe Burten and Chowbey, 1977 ol
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2 TWO-DIMENSIONAL ROCK MASSES SIMULATED
WITH PHYSICAL AND NUMERICAL MODELS

Deflnlng NMT as part of the NATM SCL debate  sepzon2

arton, In

ational tunnelling consultant, Os

In response to Feedback to the TunnelTalk NATM and SCL article earlier this month, I suggested the addition of NMT to
the pool of tunnelling method names. If we are seeking definitions, as per the longer Feedback definition of SCL
contributed to the original article (Rekindled NATM debate - SCL debate opens - Tunne/Talk, Aug 2012), then let me try
defining and describing NMT a bit more thoroughly, as it is very different from NATM and quite different from SCL.

The Norwegian Method of Tunnelling (NMT) has
as one might expect from the name, an origin
mostly from Norway. Numerous case records,
eventually more than 1,250, were also finally
mostly from Norway, but many of the early cases
were from Sweden. It is this (and numerous
single-shell caverns from many other countries
too) that stimulated the original development of
the Q-system of rock mass classification and
tunnel support class definition. Q was developed
in response to a State owner's question - “why so
variable deformations in Norwegian powerhouse
caverns'?

The Q-system was always based on economic
‘single shell' tunnel and cavern reinforcement
and support concepts, for mostly hard jointed
rock, which however can often be faulted and
have numerous clay-bearing joints and major
day-filled discontinuities. Sometimes solutions
are needed for swelling clays as well. All of the
above explains why the combination B+S(fr)
and fibre reinforced shotcrete) is
needed, as both the internal friction and the
cohesive strength of the rock mass may be inadequate. Maybe this also applies to London Clay with its ‘greasy backs’.

Key elements of NMT design and as s

There are some 5,000km of single-shell tunnels in Norway, and of these, 3,500km are for hydropower. Many of the
latter are nominally ‘unlined’, where the Q-value is high enough in relation to the span and the tunnel’s use as a water
conduit, sometimes with high internal pressure. The early (mostly pre-1980s) method of B+S(mr) using systematic
bolting and mesh reinforced shotcrete was gradually replaced, starting from about 1978 in Norway. Mesh may have
been replaced at about the same time in Sweden, as there also perf larg le panel tests to
demonstrate the superiority of the new fibre reinforced S(fr) product. Norway’s first Ph.D. from this era dates from
1981, long before UK studies of S(fr).
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Reducing risk in long deep tunnels by using TBM and drill-and-blast
methods in the same project — the hybrid selution

Nick Barton

NB&4, O
Recerved [2.4prii20i2

Norua, v nicibarion com

Abstract: Thers sre many examples of TBM tumsk farough monntains, of i mewntsimous terrats, vhich have suffersd the
ultimats fate of dus o Dapth-of drilling limitations are insvitable vwhen depfis
appmah or e excead 1 o 2 km, Uncertemtizs shout fhe geology, hvéro-geology, zodk stresses and ok strengths
hand-in-hand wify dsep or ultradesp tmnels Unfortumatsly, merpectsd conditions tend to have a rmch bigsar impact on
TEM projacts famn on drill-and-blast projects. Thers are two obvious resscns. Firsth tha cirular steavstion maximizes the
tangentia] stress, making fhe relation to mck stength a hisher sovrcs of potential rick. Sscondly, the TEM may havebem
prograssing fst snongh t maka probe drilling seem to be umecsssary. I tha stress-to-strangth ratio bacomes too bigh or £
fanlied rock with high water prassure & , the svmt’ may have s amarksble delaymg
sffact on TBML A simple squstion explains s phmomemen, via the adverss local Qvalus st lnks dirsctly to utilization.
One mey witnass dramstic raductions @ utilization, meaning ulira-stsep decslemtion-ofthe- TEM gradient: m 2 log-log plot
of advames ras versus tans. Soms dslays e be avoidad or raduced with nav TEM dasigns, whare belif in thenead fox
be-drilling and somstimes slso pra-mjsction, heve bem fully Dxill-end blast tunneling, mevitably ivolving
numerous “probeholes’ prios o sach advance, should be used instsad, if investigations have bemn oo lmited. TBM should
b used whers thars is Lowar cover and whers mors is known sbout the rock and stmetural conditions. The adventaess of the
suparior spesd of TBM may then be fully realizad Choosing TBM bacause a tunmal is vary one incraases risk due to the
law of dscalesation with incraased lensth, aspacially if thars is limited pra-investigstion bacausa of turmel depth.
Koy words: TEM, rock stransth, dasp tummals, tangential stress, pra-injection, Q-values, ntilization risk

1 Imtroduction accompanies TBM  turmeling, notwithstanding
‘leaming curves’ and some good or extremely good

The writer has been fortimate to get involved in the progress through favourable rock masses, also

last stages of several TBM projects where the choice meaning favewrable hydro-geologles.

of TBM has clearly been ncorrect, and the machine Another factor seemmgly not universally

remams in the mourtaimn forever. He has also been appreciated is that brittle rock starts to fail around

mwolved in projects where drill-and-blast from the
other end has been advised at an early stage, but
ignored until very late, with adverse consequences on
completion dates, due to too late abandorment of the
TBM., and fatal consequences for some workers.
Such extremes are wmecessary if more engineers

turmels when the TBM -concentrated tangential stress
reaches about 0.4 to 0.5 of the wuaxial compressive
strength. This has been independertly confimed in
minng and i desp trangport tumels, and will be
briefly reviewed later. It ocowrs in drll-andblast
tirmels, but here the damage zone is achaally a

were aware of the mevitable deceleration that favourable aspect, removing the highest stresses from
the immediate mnel periphery.
Doi SRR ISR IR In recent years with the application of higher and
: Tel:+ 47 67531506
E-mail nickriermn@hammaileom higher grout pre-injection pressures, there has comea
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Hybrid TBM
and Drill-and-Blast
from the start

Nick Barton of NB&A,Oslo, Norway describes the importance of
considering a mixed approach to long and deep tunnel construction

Figure 1: Results of analyses of 145 lengths of tunnel with specific properties,
involving about 1000km of open-gripper TBM case records (Barton, 2000).
(Note: PR = penetration rate, AR = actual advance rate, U = utilization when
boring, and T = time in hours). The best performances, termed WR (world
record) are represented by the uppermost lines showing best shift, day, week,
and month. At the other extreme, and often explainable by low Q-values, are
the so-called ‘unexpected events’, where faulting, extreme water, or
combinations of faulting and water, or squeezing conditions, or general lack of
stand-up time, block the machine for weeks or months. Some examples of
crosses’ will be shown later.

the most adverse

Peretratration rate
- wan

B Wkl

> Nick Barton & Associates Rock Engineering

N

The Editor,
Tunneliing Journal

15th July, 2012
Rock Mass 3trength Criteria Revisited

The undersigned read with interest the Lowson and Bieniawskl article reprinted from ITA
Bangkok, concerning ‘Validating Rock Mass Strength Criteria’. It is easy to share their
enthusiasm for a non-linear intact rock strength criterion that matches test data, as appears
to be the case for the Bieniawskl. 1974 criterion. However, they go on to validate’ the

i criterion for rock mass failure, which involves use of Bieniawski's own
RMR ruck mass raling, in order to medify two of the constants A and B. A bit confusingly for
the reader, they compare their non-linear strength envelopes for rock masses, using
various RMR values, with what one had assumed was a linear Mohr-Coulomb criterion.
Since their equations for c and ¢ do not have any stress dependence, where does the
Mohr-Coulomb strength envelope curvature come from? There is no stress term in RMR.

As with many who are researching the strength of rock masses, the authors continue by
comparing their rock mass criterion with the Hoek-Brown criterion, and show that GSI and
RMR cannot necessarily be made equal (was this ever recommended?), and cannot
necessarily be based on the more standard ‘GSI=RMR-5', though the latter appears to give
the best fit in the majority of their compared cases. Often GSI = RMR-2 seems to ‘work’-

The problem is that one is building belief about the shear strength of rock masses based on
a priori assumptions, and their subsequent use in a priori continuum models. Where is the a
posterior evidence based on experience of actual performance? Rock masses do not tend
to follow continuum behaviour since anisotropic, and ner do they fail by adding cohesion
and o tan ¢. Cohesion is broken at smaller strain, and friction is mobilized at much larger
strain. So how can one progress far with criteria that have not been verified, or have only
been tried in non-representative continuum modelling. that exaggerate ‘plastic zones'?

Towards the end of therr article they (the Mott MacDonald first author presumably) resort to
some unexpected ‘Q-bashing’. As the writer gets to review many consultants’ presumed
understanding of the Q-system, this is something to be more careful with. Does a 25 m long
collapse (in Turkey) sound like correct application ofthe Q-system by those on site? Was
this ‘practical case’ of local collapse an illustration of ontinuum behaviour?

For 35 years now the writer has heard that the Q-system does not take into account
‘unfavourable joint orientations’. If this was true, where are all the failures, and why is the Q-
method used by so many? Some of us have learned not to trustin unverified strength
criteria used in invalid continuum models of what happily is usually a discontinuum, where
also the number of joint sets is considered of importance to rock mass description?

Nick Barton, Norway
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Challenges and empirical

Nick Barton reveals some highlights of his 40-year experience of working in the tunnel industry and
reviews some important lessons when it comes to hydropower tunnelling.

Clockwise - from top-left. The challenges of folded limestones at Bakhtiary Dam site in Iran. Characterization of macro-fractured
columnar basalts at Baihetan Dam site in China. Fault-zone and swelling-clay induced failure in Poate do Pedra, Brazil. Chiorite-filled and
graphite-coated discontinuities in a Norwegian headrace tunnel, causing over-broak.

24 INTERNATIONAL WATER POWER & DAM CONSTRUCTION January 2013
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ERRORS IN CONSTITUTIVE MODELLING OF ROCK, ROCK JOINTS AND ROCK MASSES
Nick Barton, Oslo, Norway
ABSTRACT

Figure 1 illustrates a figure from Barton, 1976 which was used recently by Singh et al. 2011 to
improve the gquantification of the trjaxial (and polyaxial) strength of intact rock up to the critical

state of o1 = 30s where the strength envelope finally becomes horizontal. Singh et al. 2011 show that
with correctformulation of the strong deviation from the linear Mohr Coulomb equation, the nearly
touching Mohr circles for uniaxial strength (g:) and critical confining pressure [0z zw=) do actually
converge for a majority of rock types. Because the curvature of the whole envelope is more correctly

(and simply) formulated, a small number of friaxial tests at low confining pressure are sufficient.

Actual strength envelope curvature is greater than that suggested by the Hogk Brown formulation

Figure 1. Singh et al,, 2011 show thot the
uniaxiol and eritical confining pressure
Mohr-circles (g; and O eivex) are
opproximately coincident for the majority
of rock types. This is an elegant result.

The directshear testing of rock joints is also performedin a large number of laboratories world-wide,

and, after correction for scale effects, is important input data for rockslope and open pit design

It

therefore has economic implications. Due to ‘insufficient numbers” of available joint samples, the
understandable practice of ‘multi-stage’ shear testing has been practiced for many years. This means
shear testing at lowest normal stress first, followed by successively higher stresses. Some have even

suggested pre—loadlngta the final h\gher normal stress bafore eachtast
ngth e Z

an. When direct shear tests

@ wecatan o0¢
e - Coutama
@ teatm 9t -
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Patton

Figure.2. Rock joints da not have cohesion, unless steep steps are sheared through. There is no need

to deliberate about whether to ignore cohesion in design. It does not exist. Borton, 1976, 1950, 2006.

On the subject of rock masses, it will be shown that itis incorrectto add the cohesion and friction
components. One must degrade cohesion (at small strain) and mobilise friction (at larger strain) as in

nature. It is time to think afresh about the shear failure of rock masses, as existing jointing is also

involvedin the process. Black-box algebra does not describe the process, nor do continuum analyses.

Keywords: shear strength, intact rock, rock joints, rock masses, cohesion
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Opinions on most significant tunnelling techniques during the 25 years
of WORLD TUNNELLING.

For some of us living and tunnelling in Norway, and also for those venturing
much further afield, it was important to have an early glimpse of ‘the
Norwegian Method of Tunnelling’ (NMT) presented in your WT pages in 1992.
Although this was a multi-author and multi-company contribution, it of course
raised eyebrows and protest from those who could not be included. This article
was squarely founded on the remarkable properties of robotically applied
steel-fibre reinforced shotcrete $(fr), which had been carefully tested and
commercially applied since 1978. It was also focussed on how to select
thickness (and bolt spacing) via Q-system logging.

The key concept presented in these particular WT 1992 pages was what has
become more and more known as “single shell’ tunnelling, to contrast NMT
from the “‘double-shell’ tunnelling represented by NATM. Already there was
some 12-14 years commercially-acquired experience with wet process S(fr)
both in Norway and Sweden, and an early Ph.D on the subject of S(fr) was
from Opsahl, 1982, who was one of our prominent co-authors in 1992.

The ability to apply accelerated steel-reinforced concrete (or polypropylene-
reinforced shotcrete) even from a safe distance over the muck-pile, when
stability was compromised, was of course a revolution. But from 1992 and
onwards, formal dimensioning guidelines for S(fr) were updated, and gradually
spread to other countries. S(fr) in contrast to S(mr) — steel-mesh reinforced —
has remarkable advantages, and its gradual spread outside Scandinavia
would get my vote for the most important tunnelling technique, for those who
wish to put long-term value on all layers of support applied, rather than rely on
that delaying and costly concrete lining. Of course rock quality comes squarely
into the picture, and the ability to improve rock mass conditions by high
pressure pre-injection (increasingly also ahead of TBM) has to be technique
number two on the list of important developments during WT's first 25 years |
am sure others are addressing the remarkable developments in the TBM
industry.

Regards,

AR tor
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Rock Engineering Challenges and Some Solutions for Hydropower Projects

N.E EBARTON
NBéeA Assaciates. Oslo, Norway
(nickrbarton@hotmail com)
ABSTRACT: Hydropover projscts in many inous ragions, but yvin India and Kashmir, prasent
e=ological, gso-hydranlicand ion challengss perhaps second to none. The tectonic influsnces, the
intense jointing snd continued th £ rock types, thehigh-pr - andbariscs, e
clay-filled fault zones, all combins to test the ingemuity of the d and espacially The owmer
will hvays sequie somathing uniqus, dusto thep flusncs of b This
paper same of the, ons leamed by the veriter during s farfy-ssacs professional cereer,
spanning thirty ﬁ»ecnunines.Themtnpmsw‘]lbe drac bothby drll-md-blast and
by TBM, and howto and parh dbigdelays. Thae will bz liberal use of the

Qeystem slso for its use in TEMprognosisthugh the Qs mathod Savars delays can haexplaimed and may
b mitigated. Singla-shall NMT tunnsling is prafarrad to double-shell NATM due to spaed and cost

1 INTRODUCTION

The writer bas hadthe privilses of wodking on hydrop ower projects in many sxotic places, during a 40 vear
time-cpen, andis hoping to contins during this next dacads. Hydropowar projeets, dmost by geographic
necessity, can bring ons to soms of thamost bsautiful locations in the world Oncethers oftay
travals, the rodk mass r=lstd challenzss occupy ons for wasks or ysars, dspending on the labs] ‘sxpart” or
“desigmar’ or “contactor’. Thenkfally, the rockmass and the hydrogsology know nothing about “continuem
enalyzes’, and indssd . Figura1 is a simple ofraality. As for madical
doctors and their aging patients, sravity nevar takss & rs5t, and the rock mass ssldom gsts strongsr, in fact
usually weakeron an nsinasring tims scals. Thare are jobs ‘for svaryons’~ but som widely differert answars
and opinicns. Thatis patt of dchallmgs ofro ially when spplied to the

selution of hydropowsr problams, whars thers era many pessible choicss. Cost and tima can ba savad

2 THE Q-SYSTEM BASED SINGLE-SHELL NMT METHOD

With 3,500 km ofhydr-powsrrelated turmeling, sbout 150 undereround power houses, and hydro-powsr
competition with the investment needs of a rowing off-shors oil ndustry, it was nscessary to construct
economic turmels (and powar-houss cavems) in Norway. The Q-system devslopment from 1974 always
soflacted this, and 50% of initial era from N dSwedishhydrop ower projects, with il

diffevent rock gpes in the first 212 case racords. Cortrary {o popular belisf, few cases from the Pra-Cambrian
&nd mostivhigh qualitvbedrock could be used, unless theywers challenging shear zones with clay-costed joints,
end sometimes hydrothemally altersd rocks with swelling elays. One camet develop a rock mass classification
system fromeasss of ‘no support nesdad’, whenQ is 50 oftenin the range 10 to 100 in thess bassment rocks.
Yat soms balieva( cannot be used ‘in their country’ dus to all the sranitic snsiss that they for
the Q-systam This ing is perhaps

but is nevertheless a pity.

Fiz. 1 Chlorite-fllad and eraphit-coatad discontinuitiss in a Norwagian camsing ovar-brazk a

typical dforQ-d Fault dsvelling-clay inducad failurs in Ponts do Pedra, Brazil
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Shear strength criteria for rock, rock joints, rockfill and rock masses:

Problems and some solutions

Nick Barton

Nick Barton & Associates, Oslo, Narway

ARTICLE INFO ABSTRACT
Articis story: Althaugh i i be reached
Received & July 2012 in triaxial testing, such that the Mohr shear strength envelope becomes horizontal This critical state has

Received in revised form 27 July 2012
Accepted 2 Octaber 2012

recently been better defined. and Cofrect curvature or correct deviation from linear Mohr-Coulomb (M-
) has finally been found. Standard shear testing procedures for rack joints, using multiple testing of the

ple, in case can be shown to exagge pparent cohesion. Even rough
:EV:’““‘ joints do ot have any cobesion, but instead have very high friction angles at low stress, due 1o strong
et dilation, Rock masses, . may have
Fock oints both However, itis nat .
Shear strengtn M-Car nonlinear Hoek-Brown (H-B) standard routines. Cohesionis strain, while friction
Nan-linear friction is mobilized at larger strain and remains to the end of the shear deformation. The criterion “c then oy, tan
Cohesion 'should replace ‘ plus & tan " for improved fi to reality. Transformation of principal stresses tn shear
Dilation plane seems to ignore mobilized dilation, and caused great experimental difficulties until understood.
Scile effects ‘There seems to be plenty of room for continued research, so that errors of judgement of the last 50 years
Numerical mosetiing canbe corrected.
Stress ansfoems ©2013 Institute of Rock and Sail Mechanics, Chinese Academy of Sciences, Production and hosting by
Elsevier BV. All rights reserved.
1. Introduction Simplicity is hardly a substitute for reality. Fig. 1 illustrates a

Mon-linear shear strength envelopes for intact rock and for
{non-planar) rock joints are the reality, but traditional shear test
interpretation and numerical modelling in rock mechanics has
ignared this for a long time. The non-linear Hoek-Brown (H-B)
criterion for intact rock was eventually adopted. and many have
also used the non-linear shear strength criterion for rock joints,
using the Barton and Choubey (1977) wall-roughness and wall-
strength parameters JRC {joint roughness coefficient) and JCS (joint
compressive strength)

Mon-linearity is also the rule for the peak shear strength of
rockfill. It is therefore somewhat remarkable why so many are
still wedded 1o the ‘c+o,tang’ linear strength envelope format.

E-matl address: nickrbarton@hotmil com
Peer review Uner Tesponsbiity of INstifute of Rock 2nd Soil Mechanics, Chinese
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1674-7755 © 2013 Institute of Rock and Soil Mechanics, CRinese ACaemy of
Sciences. Production and hosting by Elsevier BV. All ights reserver.
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series of simple strength criteria that predate H-B, and that are
distinctly different from Mohr-Coulomb (M-C). due to their non-
linearity.

“The actual shear strength of rock masses. meaning the prior fail-
ure of the intact bridges and then shear on the fractures and joints
at larger strains, is shown in Fig. 1 (units of o, and o are in MPa).

2. Intact rock

‘The three-component hased empirical equations (using rough-
ness, wall strength and friction) shown in Fig. 1 were mostly
derived in Barton (1976). The similarity of shear strength for rack
joints and rockfill was demonstrated later in Barton and Kjzmsli
(1981)

At the time of this mid-seventies research by the writer, it
was recognized that the shear strength envelopes for intact rock,
when tested over a wide range of confining stress, would have
marked curvature, and eventually reach a horizontal stage with
no further increase in strength. This was termed the ‘critical state’,
and the simple relation o~ 3o suggested itself, as ilustrated in
Fig 2

An extensive recent study by Singh et al. (2011) in Roorkee
University involving re-analysis of thousands of reported triaxial
tests, including their own testing contributions, has revealed the




Characterization of fracture shearing for 4D interpretation of fractured
reservoirs

Nick Barton, NB& A, Oslo

Summary

nnpoﬂaut ‘mechanist may result m sllzh Elauon of the ﬁactu.res mnd thersfore substantial
maitenance of conducting aperture, despite effective stress increase. Unless fractures are sealed with
hard mmerals, and channelized flow is occurrmg, closure would be likely with the standard
geophysics model of one set of stress-parallel fractures. The minimum principal stress would dlose the
fractures unless they were very rough and m hard rock, such as limestone. These scerarios suegest the
need for fracture characterization, with a view to hanigal coupled ling. so that 4D
reservoir monitormg results can be mterpreted better than with conmtmum “strass and stram’
arguments, which have litle relation to the detailed reality of continued fracture flow during
production of petroleum.

Introduction

The usual geophysics interpretation of shear wave splitting, seen in much of the literamire of this
decade, is that 2 siress aligned set of microcracks. or 2 single set of siress-zligned fractures are
responsfble for the polarization mto fast end slow ames, parallel and perpendicular to the ssumed
micro or macro structures. Of course this is convenient, but do single sets of either feature constitute a
naturally fractured reservoir? What about the gmm@m{;ﬁ argument of Barton, 2006 that fractures,
with fheir extreme aspect ratic and “sefiness’, may actally be almost closed at these high minimum
horizontal stress levels? Shearmg is needed, and estimation of shearing potential requires fracturs
characterization.

Rock -hanics char ization of fractures
The mdex tests summarized m Figure 1, allow one to acquirs suitsble mput data for geomechanical
(rock ] ) modelng. The IRC i and JCS mg wall

strength, are fundzmental. but easily and cheaply obtained. Thev can be used to calculate shear
strene:th shezr and normal stiffness, and dilanon. JRC, (the 100mm scale of roughness) allows
conversion from conductimg (hydraulic) apertires to average physical apertires. Shear stress-dilation-
permesbility coupling, =nd nomsl swess-closure-permesbility coupling have been part of distinct
element modelmz for many wears i rock mechanics, such as m UDEC-BB (Universal Distinct
Element Code, where BB refers to the Barton] B,mj.;;mnmmme model). The details of local fracmure
deformation and flow determime 4D responss, not ‘stress and stram’, as speculatsd by some
geophysicists.

Evidence of the need for shear stress and deformation

Figure 2 shows a set of deep-well data m which the hydraulically conductive fractures were
distinguished from non-conductive fractures, by means of the interpreted shear swess. This dam
applied to fractures in harder rock. In fractured reservoirs, shearing would be even more needed to
help explzin continued production with jon of reservoir pressure. The to this opinion
would be minerally “fixed’ and channelized fractures, 2s are common in some petroleum regions. The
coupling of shear with dilation and permeshbility imcrease for ‘nermal” joints and frachires, was
described and modslled in detail by N.Barton et 2., 1985. (Note unrelated Bartons).
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Shear strength of rock. rock joints and rock masses — problems and some

solutions

N.R Barton
Nick Barton & Associates, Oslo, Norway

ABSTRACT: These three important topics, each deserving separate volumes, even when summarized, can
only be treated in a single article by linking them. The all-encompassing shear strength of rock masses cannot
be described with advanced algebra as in Hoek-Brown, nor as linear Mohr-Coulomb, each of which are a pri-
ori estimates rather than the desirable a posteriori based on experience. The highly non-linear shear strength
of intact rock, which has finally been defined as strongly deviated from Mohr-Coulemb, and with more curva-
ture than Hoek-Brown, is the compenent which fails at small strain. Deep in the crust rocks may be ductile or
at their critical state. The very different and weaker joints or fractures provide stability problems in civil and
mining engineering, and help maintain some permeability in fractured reservoirs. Joints are highly anisotropic
features. They exhibit large differences between their high normal stiffness, and their low. scale-dependent
shear stiffness. Joints ob’\.’wusl}' reach their peak shear strength at larger shear strain than intact rock, and their
frictional strength ‘remains’ after cohesion 1s lost, as in the words of Miiller 1966. It 1s not correct to add the
cohesive strength of the intact rock and the shear resistance of the joints, as in ¢ plus sigma-n tan-phi, nor as
i the non-linear form of Hoele-Brown. A fhird shear strength component may kack-in at larger shear stram:

the lower frictional strength of clay-filled di

such as in the neighbourhood of favlts. Finally there

is the wide-reaching problem of stress transformation, from principal stresses to normal and shear stress com-
ponents on a plane. Dilation, shearing and the very presence of the plane violates the theoretical assumptions.

1 INTRODUCTION
1.1 The importance of rock and rock joints

Why is shear strength, consisting of cohesion, fife-
tion, and dilation ultra-important to earth-dwellers?
Basically because without their variety there would
be no mountains, no river valleys, no deserts, and no
oil or gas. Since we are blessed with the variability
of these three parameters, we have variable scenery
ranging from mountains, to rolling hills, to deserts,
and mountam- and sea-cliffs as the source of screes,
beaches and eventual inland or coastal sand-dunes.
The cycle continues with post-lithification (and post-
tectonic) fracturing, breakage of cohesion, block
formation, and once more: mobilized friction and di-
lation. The three strength components de not occur
simultaneously, so cohesive and frictional strength
need to be partially separated, by degrading cohe-
sion, mobilizing friction. then mobilizing dilation.

1.2 Economic influence of shear sivength
It is interesting to consider that petroleum reserves

have been retained (for our present benefit, and pos-
sible downfall), due to cap-rock intolerance of shear

2014

stress. Shales and salt therefore exhibit higher levels
of minimum principal stress compared to the lower
omn of stiffer petroleum bearing sediments. Fur-
thermore, petroleum teserves have also been re-
tained due to clay-sealing along fault zones, thanks
to the weakest product of weathering or hydrother-
mal alteration. At shallow depth the above minimum
stress anisotropy is reversed, and the stiffer beds will
tend to attract higher minimum stress than cap-rock
shale or salt (Barton. 2006).

1.3 Econmomic influence of joint behaviour

Rock joints or natural fractures provide conductivity
during water and petroleum production, by connect-
ing the fluid-storing matrix to the wells. When frac-
ing oil-shales for shale-gas production, the incipient
(or very tightly closed) jointing may apparently
shear and dilate enough to unlock the vast potential
reserves in an otherwise impermeable looking rock
mass. Micro-seismic activity in geothermal reser-
voirs, also suggests that jointing is mobilized, some-
times in unexpected ways when today’s joint orien-
tation is no longer consistent with todaV s rotated

Geomechanics and geophysical processes in naturally fractured reservoirs
Nick Barton, NB&A, Oslo, Norway

Introd uction

In the case of dpmal meservoim, production may csuse down-dip shesrng on conjugste dipping
Sracturss. This mechmism was dafiucad 2 long tims szo fiom rock mechmics modling, =md fom not
previously sesn gli g of factures, in the case of the Ekofisk ressrvoir in the North S=a
{Barton =t al.,, 1988). Thare may slso be changes in the stretching overburden in the casa of the
compacting raservoir causing the ovarburden to subside This will cause temporal changes to the
steength of sk - and iom, dus to intrabed joint opeming and shear It dz
msuﬁaant in sach of th= sbova cases to safer to ‘strass of strein’ affacts, s if 2 continuem slons was
raacting to the multipla affects of production in 2 multi hm’ fracturad fmsarveir, with 2 multilm?®
ovarburdan, The salativaly ‘asdy’ i of i at Ekofizk iz prasanted in
thiz classic ‘carbonates ragion” of tha Middls East, in the hops of stimulating the modalling of fractur
deformarion, and couplad behaviour, which still s2ams to b2 rare, despit2 being neadad for sealistic
4D interpratation. The possibilities of mahnv good usa of gepmachanics understanding has improvad
a lot zincz LOF monitoringd of irz was slowly introduced in this last dacads,
starting in the Nomh S2a

physics i ion of shear wave polarization
From a temarksbly broad tamge of gaophysics litsaturs from petrolswm reservoir sxplossticn, and
from gaothermal fesarvoir interprstation, ome finds the interprstation of shear wave pelarization
emplainad as if resulting fom the assumed offect of a st of stress-parallal micmomdks, o fom the
affact of ome sat of (resarveir) Factores. Two examplas ars showr in Figurss la and 1b. As suggastsd
alsawhoers (Barton, 2006, 2013) this doss not maks a vary modal for 3
patmlanm gesarvoir, of for gaothermsl apargy production. Mors than ons sst of fractures, and
fractures praforshly actad on by sigmificant shesr strassss, oma would sssums ware nasdad

]

.}" f!-"u‘i‘

Eigures lo and 1B The ‘one feacture ser’ mode] used in geoph
wave polarization. This seems to be the geoy icg and production
axpiain conductive fractures, and connectiing ar mmy Hiowsters depri Frow Baebed e gl 2004
o Horne, 2003
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Lessons learned using empirical methods applied in mining

N.R Barton
Nick Barton & Associates, Oslo, Norway

ABSTRACT: This paper is designed as a broad-brush resume of some methods developed by the writer,
which have also found application in mining, even though the focus of the eriginal developments was from
civil engineering. Methods summarized will include estimation of shear strength for rock cuttings and bench-
es with possible apphcanon to open-pit slopes. Emphasis will be on the estimation of shear strength-

1 and dilation-displ

for rock joints, with allowance for block size. Rock dump stability as-

sessment will also be touched on. Some adverse practis

will be direct shear testing.

Estumation of the shear strength of rock masses will be included in the discussion. This will lead into the Q-
system parameters, and how they can assist in shear strength estimation if one is forced by the scale of prob-
lem to pex:(‘orm continuum analyses. The Q-system’s six parameters can assist in selection of support for per-
manent mine roadways and shafts. The six Q-parameters are also useful for statistical rock quality zonation of
future mining prospects. based sometimes on the characterization of hundreds of kilometers of drill-core. The
Q-system’s first four parameters have been widely used in mining for stope categorization: stable. transition-
al, caving. and assessing the need for cable reinforcement Some parallels between unsupported excavations
in civil engineering and in mining engineering will be drawn, with emphasis on ESR. the modifier of span.

1 INTRODUCTION
1.1 Shear strength of tact rock

Although many still use linear Mohr-Coulomb, or
non-linear Hoek-Brown, it is easily demonstrated
that these will introduce imaccuracy if stress ranges
are large. A new non-linear criterion. based on an
old idea (critical state) has recently been developed,
showing correct deviation frem Mohr-Coulomb. A
few tests at low confining pressures define the whole
curved envelope. The critical confining pressure re-
quired for (weaker) rocks to reach maximum
strength. where the strength envelope becomes hori-
zontal. is found to be close to the uniaxial strength of
the rock (Singh et al. 2011, Barton, 1976).

12 Shear strangth of jointed rock

Here it is also found that many still use linear Mohr-
Coulomb. Over a limited stress range. and with more
planar joints this is defensible. Part of the reason for
continued use of a nevertheless uncertain cohesion
intercept is that multi-stage testing accentuates the
apparent cohesion. Shear testing the same joint sam-
ple at successively increasing normal stress causes a
potential clock wise rotation of the strength enve-
lope. The preferred method is based on index tests
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for JRC, using tilt tests (not subjective ronghness
profile matching). and Schmidt hammer tests for
joint wall strength JCS. Scale effects caused by in-
creasing block-size are allowed for using empiri-
cism, not a priori assumptions. A vseful check of the
large-scale JRC is the ‘a/L’ method, measuring am-
plitude of roughness between straight-edge contact
points, provided joint surfaces are well exposed by
over-break, for instance in a bench-face

1.3 Shear strength of rock masses

Linear Mohr-Coulomb is still popular despite the ex-
istence of the also a priori GSI-based, modified
Hoek-Brown criterion. A potential problem with
these standard methods, in addition to the actually
complex, process-and-strain-dependent reality, is
that some failure of intact rock (‘bridges’) may be
involved. This genusne cchesive strength is broken
at smaller strain than the new fracture surfaces are
‘mobilized. These new surfaces have high JRC and
JCS and gv. The surrounding joint sets, with lower
JRC. JCS and o may get their peak strength mobi-
lized at still larger strain, followed by eventual clay-
filled discontinuities or fault zones, if these are also
involved. Since this is a process-and-strain related
property, and also non-linear, why are we adding ¢ +




Anisotropy is Everywhere, to See, to Measure, and to Model

Nick Barton « Eda Quadros

Receivect 20 May 2014/ Accapiedt 18 July 2014
© Springer-Vertag Wizn 2014

Abstract Anisotropy is everywhere, Lotropy is rare,
Round stones are collectors” ftems, and any almost cubic
blocks are photographed, as they are the exception. The
reasons for mck masses 1o frequently exhibit impressive
degrees of anisotropy, with propenties varying with direc-
tion of observation and messurement, are clearly their
varied geological origins, Origins may provide distinctive
bedding cyeles in sedimentary rocks, distinctive flows and
flow-tops in basalts, foliation in gneisses, schistosity in
schists and cleavage in slates, and faults through all the
above. We can add igneaus dykes, sills, weathered bori-
zons, and dominant joint sets. Each of the above are rich
potential or inevitable sources of velocity, modulus,
strength and permeability anisotropy—and inhomogeneity,
The historic and present-day stress anisotropy provides a
wealth of effects concerning the preferentially oriented
Jjointing, with its reduced roughness and greater continuity
High stress may also have induced oriented micro-cracks,
All l.hn above reinforce disbelief in the elastic-isotropic-
or intact-medium-based ions promoted
by commercial software companies and used by so many
for modelling rock masses, RQD and @ are frequently
anisotropic as well, and @ is anisotropic not just becanse of
RQD The authors, therefore, quesum v.hel}u the a priori
of lastic behaviour
has any significant place in the »u:\em\!'u. practice of real-
istic rock mechanics

K. Barton (I=0)
NB&A, Fordveien 65¢, Havik, 1363 Oslo, Norway
e-mail: nickebarton@hotmsil com

E. Quadros
BGTech, Rus Miguel de Almeida Prado 20, Butants, SP, Brazil
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Keywords Anisotropy - Anisotropic structure - Stress -
Velocity - Modulus - Permeability

List of symbols
BB Barton-Bandis constitutive model for rock joints
Epaw  Static modulus of deformation

E Averge physical aperture of a joint

e Hydraulic aperture of a joint

EDZ Excavation disturbed zone

I, Rating for joint alteration, discontinuity filling

JCS  Joint wall compression strengih

I Rating for number of joint sets

i Rating for joint surface roughness

JRC Joint roughness coefficient

Juw Rating for water softening, inflow and pressure
effects

K Permeability (units mis)

K, Nomnal stiffness of a joint

K, Shear stiffness of o joint

Kin Intermediate principal permeability
Ko Maximum principal permeability
K Minimum prineipal permeability

ky Ratio of g/,

NGI Norwegian Geolechnical Institute

o Rock mass quality rating (range 107 1o 10°)

0. Rock mass quality rating (0, or 0, normalized by
a/100)

Qa @ caleulated with RQD, oriented in the loading
or measurement direction

Quws  Seismic quality factor—the inverse of attenuation
{used by geaphysicists, normally with the P- and
S-wave components ‘g’ and °Q,")

RQD  Rock quality designation (% of cons-pieces =10 an
in length)

" INTERNATIONAL SYMPOSIUM ON SPRAYED CONCRETE — Modern Use of Wet
Mix Spraved Concrete for Underground Support
— Sandefjord, Nerway. 16. — 19. June 2014

Q-SYSTEM APPLICATION IN NMT AND NATM AND THE CONSEQUENCES OF
OVERBREAK

Nick Barton and Eystein Grimstad
NB&A, Hovik, Norway and Geolog Eystein Grimstad, Oslo, Norway
aickrbarton@hotmail com and eystein @vikenfiberno

SUMMARY

The Q-system of rock mass classification for assisting in support and reinforcement selection for
rock tunnels and caverns has now been in use for 40 years. During the last 20 years it has been
vsed in order to assist in the choice of pes ingle-shell fib inforced S(fr) support and
systematic corrosion protected rock bolt reinforcement. Twenty years ago the original S(mr)
mesh reinforced recommendations were updated to fiber-reinforced shotcrete, in order to reflect
the by then more than ten years of experience of wet process. robotically-applied S(fr) in
Norway. This revolutionary product now has a 35 years track record. The Q-system is also nsed
to select rib-reinforced shotcrete arches (RRS) which are superior to steel arches and lattice
girders, because intimate contact with the funnel arch and wall. and systematic bolting of these
arches are integral and essential components of the method. The belted RRS arches therefore
help to prevent further deformation instead of allowing it as in NATM, which is a labour-
intensive method which does not address these two problems adequately. In this paper some of
the other differences between single-shell and double-shell tunnelling will be h d

including the frequent use of Q to select only the femporary support and remfarcgmem in
double-shell tunnelling, using the 5Q and 1.5 ESR rule-of-thumb. Hong Kong road and metro
autherities have applied this method in the last 25 years in hundreds of kilometres of tunnels and
in station caverns. The B+5(fr) applied in such cases as the first stage of double-shell NATM. is
considered as temporary support and reinforcement. prior to casting the final concrete lining
with its drainage fleece and membrane The temporary support is ignored in the final lining
design This of course is wasteful and add.s to the cost. This paper also briefly addresses some of
the vseful Q-correlati to rock s such as P-wave velocity, deformation
modulus, and tunnel and cavern deformation. All are depth or stress-dependent.

INTRODUCTION

The first wet-process fiber-reinforced shotcrete applied in Norway was in a hydrepower cavern
in 1979 and in a main road tunnel in 1981. Mesh-reinforced shoterete S(mr) ceased to be used by
about 1983 The Q-system development in 1974 [1], which was first based on B+S(mr). was
updated ‘late” in Norway [2] by Grimstad and Barton. but obviously “early’ for many other
countries. In Austria, B+S(mr)+lattice girders are seemingly still favoured as temporary support
for transport tunnels. The writers have been surprised to see Austrian consultanis centinued
recommendation of S{mr) in good quality but over-breaking rock in Asia. However the very
strange and diametrically-incorrect instructions are given to accept the use of S(fr) when there is
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Non-linear behaviour for naturally fractured
carbonates and frac-stimulated gas-shales

Nick Barton'

Abstract

Gavshales and naturally fractured reserveirs wsaally produce from several kilometers depeh, with fracing-stimulation and
eventual waterdrive respectively. Dute to poscrity, the matrix is generally weaker than s typical foe hasement rocks. The poten-
il pore pressare redaction of 1Ts of MPa during the caly e of the filds, may therefose be a significant peoparton of the
strenyeh of the matri. Incvitable noninear rock strength behavioar for the mateix shoald nee then be ignoeed. i s therefore
unceslistic to tilize a mear Mehe-Coslomb strength criterion as sa frequently seen. The joints or natural fractures in the shales

which productce,

P g fracture s with different roughaess and apertere,

and few of them are planar enoagh to follow the frequently used linear Mobr-Coalomb behavior. Noarlineariey especially
appis e favouraie she et icon pereabilcy souping which i elevans o boch NFR and s s, v 10

the less desirable bility coupling of 2

reservoir. Nom-linear constitutive modelling, pardy

based m he it o ractare-roughnes coefiient (JRC) wed widly .D« i s sl o o o v

hydraulically ineerpresed thearetical smonthwsll apertures (e]

thewall physical aperty

{E)hrcgh wich he ol o e ety Aove o the el Sl nd fe wm, can also be applied om joinss or fractures
recovered in occasional and inevitably expensive core, and which can slso be extimated when mapping fracturcd pavement

analegues, have been availabl

i rock mechanice for seversl dacades. They were already incorposated in coupled distinct

element (jeinted) pon rostines in 1985,

in petroleun indusay

sccms to be very rare judging by mumerous weoskshops atiended in the lust seven to eight years on both sides of the Atlanti.
Applcation of nor-linear (non Mhr-Coulomb] rock mechanics, ming recovered core from Fkofisk in 1986-1987 in order
o model fracure thear-dilasion coupling with simplified E and e tracking during compacton, may be the esrhest example.

Introduction model 3DEC-MC (with less realistic lincar Mohr-Coulomb
In the EAGE workshop on Naturally Fractured Reservoirs in  joint behavior). The detailed behavioural trends thus revealed
Real Life, held in Muscat, Oman in December 2013, Price and  would subscquenty nced to be up-scaled but not lost, ready
Wei (2013) from Shell reported on the conclusions from retro-  for porentially improved reservair simulator modelling

spective analyses of cight casc studics of fractured rescrvoirs,

mastly related to carbonate reservoirs in Oman. Through Geomechanics and fracture characterization
extensive fracture network modelling by a large team of com-  is done differently in rock mechanics

pany collaboratars, the authors identficd the most important  Based on presentations made in the Muscat fractured reservoir
factors which they considered necessary for improved bistory  workshop, and based on presentations made in several similar
matching. A production and forecast time-scale of 10 to 40 workshops and courses attended on bath sides of the Atantic

years was considered in this extensive study by Shell

in the last seven to eight years, the writer has gained the strong

Their list of important factors, including their own verbal  impression that geomechanics, complex cnough as it is, scems
additions given during their locture, included the following:  to be mastly practiced in the petroleum industry withou
fracture volme, fracture density, fracture clusters, permeabil-  considering mon-linear shear strength, dilation, stifincss of the
ity anisotropry due to stress, and aperture sewsitivity to stress.  diffcrent fracturc sers. Much of reality is lost if this is truc.

Most of these factors would seem to be amenable to realistic

The desirable non-linear  shear-dilation-permeability

conceptual modelling, using rock mechanics principles and  coupling and the less desirable and very non-linear fracture
available nonincar methods. Such modelling would obvi-  aperture-closure of a stress-sensitive rescrvoir, due to effec-
ously need to be made at reduced scale at first, using coupled-  tive stress change during production, are also apparently not
process distinet element methods, such as the two-dimensional — yet a part of open-source petroleum geomechanics litcrature.
distinet clement (jointed) model UDEC-BB (with non-lincar  The apertureclosure would oppose the assumed bencfits
Tarton-Bandis joint behaviour), or the three-dimensionsl of major fracrure scts ‘always’ being parallel to the major

'NB&A, Oslo, Norway.
* Corresponding authon, E-mail: nickrbarton@hatmail.com
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Gas-Shale Fracturing and Fracture Mobilization in Shear: Quo
Vadis?

Nick Barton

NB&A, Oslo, Norway, pickrbarton@hotmail com

Eda Quadros
BGTech, Sie Pavle, Brazil, edafquadros@gmail com

SUMMARY: The conversion of a highly impermeable medium like shale into numercus gas
producing ‘pay zones', msing geomechanics steered, stress-and-structure eriented hydraulic
fracturing. is a remarkable achievement. So remarkable in fact that shear mobilization of natural
fractures has also te be invoked to explain both the continued though declining production and the
sources of larger ‘radms’ microseismic activity well beyond the assumed ellipsoidally-shaped
tensile-fractured and sand-propped ‘central’ zones. The microseismic activity is believed to be the
remote-sensing sign of shearing inifiation of a large number of the natural fractures. The assumed
shearing, and the resulting gas drainage. cannot occur in the case of gas-shales unless the shale is of
high enough modulus to sustain the shear induced dilation, which resnlts in a coupling with
enhanced fracture permeability. The pre-peak mobilization of roughness and permeability due to
pre-peak dilation. combined with low in situ shear stiffness due to block-size related scale effects, is
part of the rock mechanics reality behind critically stressed fractures, which are simplified as linear
Mohr Coulomb events in petrolenm geomechanics. In reality a more sophisticated and more
favourable series of coupled processes are likely to be involved.

KEYWORDS: hydraulic fracturing, fracture shearing, dilation, permeability, coupling

1 INTRODUCTION

Shale gas is one of the waconventional sources
of natural gas, which has remained trapped in
shale, a sedimentary rock which originates from
sedimentary deposits of clay, muwd. silt and
organic matter. The gas must pass through pore
spaces that are 1,000 times smaller than in a
conventional sandstone reserveir The gas
production, causing large pressure drop even in
the first 250 days. depends on multi-stage
hydraulic fracking from wells deviated to give
long horizontal sections. The remarkable
success, starting in the USA. has justified
exploration and preduction. However the local
cost to the environment, and the difficulty with
sufficient water supply and disposal of fluids
are remaining questions. especially in populated
areas. Environmental concerns include gas
migration and ground-water contamination due
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to the processes of well construction. However.
communication between the fracked region and
near-surface groundwater supplies appears to be
impossible, due, usvally, to thousands of
intervening meters of rock. Some of the
evidence for this containment, which of course
is fundamental to gemeral acceptance of this
technology, will be reviewed in the next few
pages

2 FRACEING HORIZONTAL WELLS

Hydraulic fracturing is a well stimulation
technique which has been employed in the
oil and gas industry since 1947, There are
two primary methods to produce shale gas:
vertical mmlti-stage hydranlic fracturing,




An lllustrated Guide to the Q-System following Forty years use in
Tunnelling.
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ABSTRACT

This paper provides a well-llustrated guide to the workings of the Q-system, with many
examples demonstrating its use. Not only rock exposure logging, but also core-logging, and
tunnel-logging are illustrated with quantified examples. The Q-system was developed 40
years ago for describing rock mass quality in a quantitative way, using six important
parameters and ratings of quality. These were first related to structural geoclogy, in particular
the number of joint sets, their roughness, whether there was clay-filing, followed by the
effects of water and the stress/strength ratio. A logarithmic-like scale from about 0.001 to
1000 was the result. All the ratings of the key parameters are given in this guide, and include
footnotes and a field-logging sheet and examples of its use. Linked to the Q-value and the
span or height of the excavafion in rock, and also reflecting the final purpose of the
excavation, is an updated chart of recommended support and reinforcement for the arch and
walls of underground excavations. Both tunnels and cavemns are catered for, from roughly
3m to 60m span. Some 20 years ago the S{mr) support was updated by the same authors,
replacing mesh reinforced shotcrete with fiber reinforced sprayed concrete or S{fr). The
recommended PYC-sleeved (CT) bolis were more resistant to corrosion. The Q-system has
always reflected single-shell B+Sifr) concepts of permanent support, as encompassed in the
Norwegian Method of Tunnelling (NMT). During the 40 years of its use the Q-value has been
shown to have empirical relationships to seismic velocity, deformation modulus, and tunnel
or cavemn deformation. It can alse be used for helping fo guantify the benefits of high-
pressure pre-injection, and to estimate permeability. In addition, the Q-value has been
extended for use in TBM prognosis, and a brief graphic review of this is given.

Key words: rock mass, classification, tunnels, drill-core, rock support, seismic
velocity.

Introduction

Norway is a country with 2 small population, yet 3,500 km of hydro-power related funneling,
about 180 underground power houses, and some 1,500 km of road and rail tunnels. This has
meant that economic tunnels, power-houses and also storage cavems, have always been
needed, especially prior fo the development of North Sea petroleum resources. The Q-
system development in 1973 always reflected this, and single-shell tunnel support and
reinforcement, meaning shotcrete and rock bolts as final support has been the norm, both
before and since Q-system development. The first 200-plus case recerds from which Q was
developed were 60% from Scandinavia, and already represented fiffy different rock types,
which is perhaps surprising for those who may focus on the quite frequent pre-Cambrian
granites and gneisses. Norwegian and Swedish hydro power projects dominated these early
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Non-linear Shear Strength for Rock, Rock Joints,
Rockfill and Interfaces

L INTRODUCTION

Although intact rock is frequently represented by linear Mohr-Coulomb shear strength envelopes.
the actual true behaviour. if taken over a wide range of confining stress. is extremely non-linear.
Why 1s this important? Probably because the real stress across points of contact in both rockfill and
rock joints, is approaching (or trying to exceed) the crushing strength. and if local confined stresses
are equally high, strong non-linarity will be experienced. If we utilize the unconfined compression
strength of the rockfill. or of the rock joint surfaces, suitably scaled-down due to size effects, we
are part way towards a useful strength criterion. In fact. as we will see, we are “one third” of the
way. as the ronghness (of particles and asperities) and a measure of the non-dilatant (residual)
frictional strengths are also needed for what we will see are two very closely related strength
criteria.

Figure 2 is a representation of the complete shear strength envelope for intact rock, as suggested
by Barton. 1976 following a wide review of other researchers high-pressure triaxial data for intact
rock, in particular the well-known and numerous studies of Byerlee and Mogi from the nineteen
sixties. Both these researchers were concerned with the brittle-ductile transition. The present author
suggested a simple “definition’ of the top (horizontal) part of the strength envelopes - in rock
mechanics terminology called the “critical state”. The complete shear strength envelopes of rock,
and how much they deviate from linear Mohr-Coulomb has recently been quantified in a new
criterion which may become known as the Singh-Singh criterion (Singh et al. 2011).

The horizontal part of the shear strength envelopes for a large group of silicate and carbonaceous
rocks. suggested the following simple relation:

G 1zax=3 03 carical (O]

It will be noted that the uniaxial (unconfined) circle (#2) and the critical confining pressure circle
(#4) are drawn as nearly tangent to one another. This potential simplicity has recently been
confirmed by Singh et al. (2011), who found that the majority of rocks exhibited this tendency. i.e.
O3 ciieal = Gc. This actually implies that if we reach a confining pressure (over the small area/volume
in contact) approximately equal to UCS or a.. a local critical state may potentially be reached if
(less confined) crushing has not already occurred. The maximum local rock strength will likely
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FORTY YEARS WITH THE Q-5YSTEM IN NOREWAY AND ABROAD
FORTI AR MED Q-SYSTEMET I NORGE OG I UTLANDET

Nick Barton og Eystein Grimstad
Nick Barton & Associates og Geolog Eystein Grimstad

SUMMARY

Thus paper describes some of the lessons leamed during four decades of application of the Q-
system. It was first used in hydropower projects in Norway and in a water transfer project in
Peruin 1974, Some years afterwards, application in Norwegian road tunnels followed.
Personal application by the two main developers of the method in more than 30 countries, and
widespread use by others in civil and mining engineering around the world, has provided rich
experiences, stimulated numerous discussions and critique, and probably provided a simpler
means of communication for geologists, for rock engineers, for mining engineers and also for
lawyers in numerous court cases. In reality the Q-system is far more than six parameters, as
the geology has to be understood before application can be optimal. A new combmation of
parameters, simply Jn/Jr, is found to have surprisingly useful properties for tunnels and mines_

SAMMENDRAG

Denne artikkelen beskriver en del av det man har lzrt, etter farti 4r med anvendelse av Q-
systemet. Det ble ferst brukt 1 Norske vannkraftprosjekter, og 1 et vannoverferingsprosjekt i
Perui 1974. Noen ér etter ble det anvendt i Norske veity Personlig anvendelse 1 flere
enn 30 land av de som utviklet metoden, og utstrakt bruk av andre i alle typer undergrunns-
anlegg, inkluder gruver over hele verden, har resultert 1 omfattende erfaringer, stimulert
uta.lllge diskusjoner og kritikk, og muligens fort til lettere kommunikasjon mellom geologer,
og ogsa mellom advokater | mange rettsaker. I realiteten har
Q Evstemet langl flere enn seks parzmeters, fordi gealogien mi bl forstatt farst for & oppnd
optimal delse. En ny kombinasjon av parameter In/Jr, viser seg 4 ha overraskende
nyttige egenskaper for bruk i tunneler og gruver.

1. INTRODUCTION

Development of the Q-system during six hectic months in 1973 started as the result of a
question from NVE (Statkraft) to NGL The first author could not answer the question, so
started developmg a rock mass classification method, linked to support needs. RQD/In came
first, with successively added parameters, and a lot of trial-and-error and empiricism using
more than 200 case records. This finally enabled an answer to be given to the challenging
question from Statkraft (NVE): Why all the different deformation magnitudes in Norwegian
hydropower machine halls? So from the start not only rock mass quality, but excavation
dimensions, purpose and rock reinforcement and support needs were integral parts of the
method. The momber of feint sets, which was suggested as an addition to EQD by Don
Deere’s Ph.D. student Cecil (19705, has remained an important part of (, but is remarkably
abzent from Bienizwski’s EME and is therefore also absent from GSI, which is the basis of
the Hoelk-Brown non-empirical failure criterion, used by so many optimistic contimmum
modellers. Since rock mass classification was ‘not supposed to be possible, and can therefore
never be developed’ (toughly the opinion expressed in NTH/NTNU Norwegian engineering
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Introducing the Q-slope method and its intended use within civil
and mining engineering projects

Nick Barton
Nick Barton & Associates, Oslo, Norway

Neil Bar
Gecko Geotechnics Py Lid, Cairns, Ausfralia

[ABSTRACT: The Q-svstem for characterizing rock exposures and drill-core, and for estimating
single-shell zupport and reinforcement needs in tunnels, caverns and mine roadways has been widely
used by engineering geologists and mining engineers. In the last ten vears, a slightly modified Q-
system called Q-zlope waz tested by the authors, for application in road cuttings, motorway cuttings,
and benches in opencast mines. The purpose of Q-slope is to allow engineering geclogists. rock
engineers and mining engineers to rapidly assess the stability of excavated rock slopes in the field,
and make optimal adjustments to slope angles as rock mass conditions become visible during
construction of the road cuts or benches. Trials at several civil engineering and mining projects in
Asia, Australia and Central America have shown that a simple correlation exist: between Q-slope
values and the long-term stable and unsupported slope angles. The new method includes Jr/Ja ratios
for both sides of potential wedges, using relative orientation weightings.

1 INTRODUCTION

The Q-system (Barton et al. 1974 and Barton & (irimstad, 2014) for characterizing rock exposures,
drill-core, and tuanels under construction, was developed from rock tuaneling-related and rock
cavern-related case records. Single-shell B+8(fr) tunnel support and reinforcement design assistance,

and open stope dezign, Lm.lxzmg Q (r_he first four parameterz) have been the principal focus of
applications in civil and mining engineering. Correlations of Qe (Q normalized with UCS/100) with
strezz-dependent P-wave velocities and depth-dependent deformation moduli have glzo proved uzeful
in site characterization and as input to numerical modelling. These approximate correlations remain
with the new Q-slope value, which may alzo vary over six orderz of magnitude, from approx. 0.001
to 1000. This large numerical range is an important reflection of the large variation of parameters
such az deformation moduli and shear strength.
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Forty Years with the Q-system — Lessons and Developments

N Barton.
NB&A, Oslo, Norway

ABSTRACT

This paper describes some of the lessons learned during four decades of application of the Q-
system, both in Norway and abroad. Personal application in more than 30 gountries, and
widespread use by others in civil and n:nmng engineering around the world, has provided rich
lated numerous di: and critique, and pmbabli pmuded a simpler
means of communication for geologists, for rock engineers, for mining engineers and also for
lawyers in court cases. In geality the Q-system is far more than six parameters, as the geology has
to be understood before application can be optimal A new combination of parameters, simply
Jwdr, i found, to have surprisingly vseful properties for tunnels and mines. The paper shows
some comparisons between NMT (single-shell) and NATM (double-shell). k the safety
of RRS compared to lattice girders and §(ft) compared to S(mg). Latest Q-based dimensioning are
given, plus, some links between Q and useful parameters when modelling, specifically stress-
dependent modulus, velocity, and funnel or cavem deformation. During the 40 years of Q-
application, the last 15 years has seen application of Qe with added machine-rock interaction
parameters. Recently Quope was developed, to guide the choice of maintenance-free slope angles.

1 INTRODUCTION

Development of the Q-system occurred during six hectic months in 1973 (not three years as stated in a recent
NGI report), and it started specifically as the result of a question from NVE the Norwegian State Power
Company (now Statkraft) to NGL The challenging question: Why all the different deformation magnitudes in
Norwegian hydropower caverns? The author could not adequately answer the question, so had to start
de\'e]opmv a rock mass classification methed, linked to support needs. Biendawski (1973) developments were,

Sg.in the Q-system development, RQD/Jn came first, with successively added parameters, and
a lot of trial-and-error and empiricism using more than 200 case records. Sixty percent of the first case records
were from Norway and Sweden, and 0% concerned hydropower excavations, both caverns and tunnels. The
development of Q finally enabled an answer to be.pravided to the question about powerhouse deformation
magnitudes. Since some deep caverns and road tunnels were included, the onset of siess-fraching was
important, hence the sixth parameter SRF, involving the ratio rock uniaxial strength/stress. Girimstad and
Barton (1993) added the experiences from 1,050 more case records, including extensive deep road tunneling
in Norway, with eventually a depth as much as 1,400 m at Lazrdal (and a world record length of 24.5 km). In
this projgst there were three lorry-turning caverns of 30 m span at > 1,000 m depth (and 6 km intervals).
These challenge even mining experiences.

From the start not only rock mass quality, byt excavation dimensions, purpose and rock reinforcement and
support needs were integral parts of the method. The number of joins sets, which was suggested as an addition
to RQD by Don Deere’s PhD. student Cecil (1970). has remained aa important part of Q, but is remarkably
absent from Bieniawski’s RMR and is therefore also absent from GSI, which is the basis of the Hoek-Brown
estimation of shear strength, used by so many optimistic continuum modellers. Since rock mass classification
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TBM _PERFORMANCE, PROGNOSIS
AND RISK CAUSED BY FAULTING

NICK BARTON,
Nick Barton & Associates, Oslo, Norway

Abhstract.

World records for drill-and-blast tunnslling from Norwegian contractors, bear
witness to numerous weeks of more than 100m, and an exceptions] 5.8 I in 54
weeks, also from one face. Earlier hard-rock world records using high-powered
TBEM n Norway, but most frequently and more recently, the records with Robbins
TBM through nen-zbrasive imestones in the USA, provide numbers in meters per
day, per week, and per month, which are of course, even more remarkable. |
Lnfortunate]\ there ave contrary and undesirable TBM records, which are
occasionally recurring events so not records, which see TEM stopped for months or
even years i fault zones, or permanently buried in mountains. The many orders of
magnitude range u:fparfurmance suggest the need for better m\'esﬁgaﬁons, better
choice of TBM, and better facilities for improving the ground ahead of TBM, when
probe-drilling indicates that this is essential. Control of water, and improved stand-
up behayioyr in significant wealmess zones and faults may demand drainage, which
can be unending, and pre-injection. Fortunately there are increasing signs that this
is recognized by TBM manufacturers: more guide-heles for drilling pre-injection
umbrellas are zeen through front-shields nowadays. A little acknowledged fact is
that when all hours are included, TBM will generally decelerate as tunnel length and
time increases. This is usually seen after improved performance during the leaming
curve. Deceleration is also 2 general trend during world-record setting performances.
This means that utilization U is equal to the ratio of actual advance rate and
penetration rate, AR'PR, only for specified time intervals, because U is time-
dependent. This is rarely quantified by designers, and is therefore a source of risk,
by default. Another important item for comect prognosis is the recognition that
réduced penetration rate PR. can sometumes occur when thrust is increased by the
TBM operator, due to exceptionally resistant rock mass formations. Each of the
above, and PR. sensitivity to a wide range of cutter forces, UCS and abrasivensss,
are provided in the empirical Qranmethod. This method explains varizble progress
in jointed rock, which iz sometimes fast, and also quantifies the likely delays in
untreated, or pre-injected, fanlt zones.

Keywords. TBM, penetration rate, advance rate, time-dependence, cutter force, Q.

1. Introduction

During the last 10-15 years, Norwegian contractors have led the world in the fastest drill-
and-blast tunnglling rates, with 165m and even 176m in single 7x24 hour weeks LNS
and Veidekke have had consistent rates of more than 100m/week for several months in
specific projects. At the Sxga coalmine (one-face) access tunnel, in coal-measure rocks
obviously requiring some bolting and shafereting, LNS achieved 100m per week or more
for 32 weeks, and used just 54 weeks to drill-and-blast 5.8 km. The tunnel had a 36 m?
cross-section. This performance is actually better than many TBM project performances
1f one considers the whole year of tunneling, but does not appear so impressive in relation
to TBM, if shorter time intervals are compared, as typically done with TBM.
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‘Where is the Non-Linear Rock Mechanics in the Linear Geomechanics of Gas Shales?

Nick F. Barton
NBded, Oslo, Norway
nickrbarton @ hormail. com

Abstract Gas shales usually producs from several kilomeatars depth, with m—;umlﬂancm, propping, and
it ion of desirable “clouds’ of activity in the ding rock mass. This is
presumed to be the initiation of shearing on natural fractures. Further shear may be aseismic when cohesive
bonds have already been broken. The shale matrix which must have at least some porosity, is weaker than is
typical for bazement rocks. The potential pore pressure reduction of tens of MPa during the early life of the
fields, z life which is very short zccording to some operators, may therefors be a significant proportion of the
strength of the matrix. Inevitzble non-linear rock strength behaviour for the matrix should not then be ignored.
Significant moduli are also required for good production It seems unrealistic to utilize a lnear Moh-
Coulomb strenzth criterion s o frequently seen m oil industry gagrpachanics. The jomts or natural fractures
n tha shales, which are dtobesol for h towards the imer propped region closer to
the horizontal well section, will have producing fracture sets with different roughness and aperture. How
many of them are planar enough to follow the linear Molr-Coulomb behaviour always shown, where only a
traditional ‘Byerles friction coefficient’ is used? Where is the expectsd non-linear rock mechanics in the
lti-dizcipline teams deing ‘ 7 It has not vet been seen in numercus workshops, nor m ol
industry courses on both sides of tha Atlantic.

Key words: Shale gas, non-linsar, shear strength, fracturas, dilation.

1 Introduction

Tt has been kmown for many decade: that the mechanical behaviour of fractures (the naturally occarming joint sats
in arock masz) is in general non-linear. The non-linearity is largaly due to factore roughmess. (Barton, 1973, 2014z).
In the case of intact rock, non-linear shear strangth envelopes would be the result of large changes of affactive swess
caused by gas production. No-linearity with respect to the jointing spplies to the favourable shear strength-dilstion-
parmeability coupling, which sans pre-peak, before Byesles. (Friction coaficient based) strengih is reached. The lamer
simplification for frictiona] strength from Stenford University, adopted by the gepmechanics teams of many oil
companies, miszes the finess of pre-pesk and post-peak dilatant shesr strength. Mon-linearity applies to the dilstion
accompanying shear, and especially applies to the less desirable stress-closure-parmeability coupling of 2 stress-
sensitive reservoir. Mon-linear coupled-process (ME) modelling, partly based on the joint- or frachure-roughness
coefficient (JR.C), has been applied in rock mechamics (and reservoir compaction modalling) for more than 30 vears,
in discrete fracture codes like UDEC-BE, usually coupled with 2 joint wall strength parameter JCS.

The joint or Facture roughness JRC, also applies to the zion fom the by 2
smooth-wall apertures (g) to the larger and non-planar-non-smooth-wall phyzical apertures (E) through which the gas
{or oil) actaally has to flow to the wells, in the case of gas shales or naturally fractored reservoirs. Simple index tests
for acquiting JRC and JCS for the different fracture sets can be spplied on fractures recovered in occasional and
inevitsbly expensive core,and can also be estimated when mapping (or drone-photographing) Factured pavement
analogues.

The comversion of a highly impermeable medium like zhale into numerous gas-producing ‘pay zonmes', using
principal-stress steered stress-and-stracture criented hydreulic Factaring, is 2 remarksble schievement. So remarkable
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Cavern and Tunnel Collapses due to Adverse Structural Geology

Colapsos en Tineles y Cavernas debido a Geologia Estructural Ad-
versa

Nick Barton
NBd&A, Oclo. nickrbarton@hotmail.com

ABSTRACT: Some remarkable cavern and tunnel failures are described in this keynote paper. 4: an independ-
ent corswitant ene eccasionally har the privilegs qf obzerving some dramartic effeces of adverss and wurually com-
pletely unexpectad sovuctural geology, causing tunnel or cavern failurer thar can Be dramatie. Fery regrettably,
the collapses are sometimes faal for some wsuspecting warel or cavern workers, There i5 gften an adverse de-
sign for the special circumstances. Failure i most frequent during construction, with only the temporary support
to resizt the unexpected challenges of adverse soructural geology. In facr the thres most serious caser thown have
lartice girders or steel arches ar one qf the components of the temporary support. It iz wually a surprise to read
that this hardest of material: provides the softest of deformation resisrance, because af the diffficuly of making
conact with the uneven and by now blasted rock surface, once the soil and saprelits has been passed in the sarly
ters qf merers of @ qupical fwmel. These partly free-standing girdsrs or arches, and their foorings, dgform too
much before fully resisting radial deformation, thereby potentially reducing the shear strength of the rock wmass,
which may not be bolted whe re i5 desp weathering. Such measwrss (lartics givders and steel et
sr be part of the Q-system, which is ezsentially for excavarions in rock masses, even i af poor gual
and fault zones. 4 bolted, and ftimately supporting, steel-andfTher reinforced S(fr) arch is needed to reduce the
risk of collapze. Thiz cam function well evert when there iz an excessively rough perimerer due to over-break.

RESUMEN:

En ssta charia especial ze dezcriben algunas colapsos notables de tineles ¥ cavernas. Un consultor indspendisnts
de vez en cuando tiene el privilsgie de obiervar algunos gfectos sxtraordingrios resultantes de uma geologia
espructural adversa ¥ completamente mesperada, capaz de causar colapsos substanciales en tinsles ¥ cavernas.
My lamenrablemente ssas colapsos son algunas veces fitales para alguno: mrabgiadorss no conscienter de la
presencia del peligro. Hay com frecusncia un disefis adverso para una circunstancia especial. Los colapsos
ocurren @ menudo durants Ja construccién, cuande s6 emplea solaments un soporte temporal pava resistiv los
retos inesperades de una geclogia estructural adversa En realidad, los tres cases mds sewios presentadss tienen
vigas de celosia o arcos de acero como wne de loz componentes del soports temporal. Por lo gensral &5 ung
sorpresa saber gue estos materiales tan duros proporcionan Ia peor resistencia a la deformacion, por causa de la
diffcultad de tener contacto adecuado con exficie irregular de la roca dejada por las voladuras ) una ves e
ha traspasado el suelo ¥ el saprolite en las primera: decenas de merros en un ninel tipico. Estas vigas de celosia o
arcos Y sus saparas, getuamdo parcialmente libres, ze a‘q)'br»cm demasiade antes a‘s gue puedan resiztiv
i la defe idn vadial, reduciends asi la pesi: al del macizo
rocoso, algunas VeCes e apie para &) emples de pernos cuando hay una alteracion profunda Tales cump;emsma.;
(vigas ds celosia ¥ arcos de acero) nunca debem ser parts del sistema O, gus debe ser esenc HIE pard
EXCAVACIONES 61 MACIIOS FOCOI0I, Quugue sean de mala calidad ¥ con sonas de arcillas y de failas. B wo de
hormigén proyectade con pernos ¥ reforsade con malla ) fibra de acers S{f¥) es necesario para reducir el riesgo
de colapzo. Esto tipe de suporte pueds fiscionar bien, incluzo cuando hay uwia superficie muyy rugoza por causa de
exceso de excavacion o de voladuras.
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Non-linear shear strength descriptions are still needed in
petroleum geomechanics, despite 50 years of linearity

Barton, N.R.
Nick Barton & Associates, Oslo, Norway
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ABSTRACT: Despite utilizing multi-discipline teams in petroleum and service companies, and despite the remarkable ahilities of
these same compaes to produce petroleum in many fwms and in highly adverse environments, there appears to be a misalignment
between the wsed, and rock P v ot used, ]nd.eu:g by workshop presentations. Is it
possible that this is because geomechanics spe cialists are mt aware of long-availzble non-linear dmcnphau of shear strength, for
both the fractures and matrix, 1n NFR and gas shales? Description of the non-linearity has been a goal of many in rock mechanics
for the last 50 years, with a well-known start by Patton, 1966 reporting in the first ISRM congress held in Lishon. His bi-linear
strength en\'e]npe was an immediate improvement on Mohr-Coulomb linearity, and set the scene - for others to mprove upon this bi-
linear description. The 1973 non-linear JRC- and JCS-based criterion of the present auﬂmr was considered too complex by Byerse.
1978, who faypuired use of a friction coefficient. Shear strength represented in remains linear, so is often unrealistic.

1. INTRODUCTION

Due to o vable educational comnpy entatization, The meore serious hinearization of matrix strength, which

Application of the Q-slope method to highly weathered and saprolitic
rocks in Far North Queensland

N. Bar

Gecko Geotechnics Pty Ltd, Cairns, Australia
NR. Barton

Nick Barton & Associates, Oslo, Norway

C.A Ryan
Gecko Geotechnics Pty Ltd, Cairns, Australia

ABSTRACT: The Q-slope method was developed to allow engineering and ical

to assess the stability of excavated rock slopes in the field and make putem:la] adjustments to slupe angles as
rock mass conditions become visible during construction. Q-slope was dew eloped over the last decade by
modifying the Q-system for characterizing rock exposures and drill-core, and estimating single-shell support
and reinforcement needs in funnels, cavems and mining roadways. Q-slope features a new method of Jr/'Jara-
tios for both sides of potential wedges, using relative orientation weightings and also considers long-term ex-
posure to various climatic and environmental conditions (e.z. tropical storms, ice-wedging effects). Q-zlope is
intended for reinforcement-free road or rail cuttings or individual benches in open cast mines.

Assessing slope stability in highly weathered rocks and saprolites (in-situ, soft, frisble, weathered rock that
retains the original rock’s structure and fabric but with a lower bulk density) is considered complex since fail-
ure mechanisms often invelve a combination of shearing and rotational sliding through a weak rock mass as
well as sliding on relic geologic structures. The Q-slope method was applied to several highly weathered and
saprolitic slopes in Far North Queenslend and has shown that a simple correlation exists between Q-slope val-
ues and long-term stable and unsupported slope anzles.

1 INTRODUCTION
11 Original Q-rystem

Shear strength input is similar.tn the origmal Q-
system, but more critical, as wedges are unconfined,

there iz widespread use of linear shear strength
D in the p hagigs tavght in
university courses. This is further applied by many oil
companies and oil service companies, actually. qu both
sides of the Atlantic, and indeed even in the Middle East.
This is undoubtedly due in part to the application of
Byerlee's, well-kmown friction coefficients by Zgbagk
and co-workers at the University of Stanford during the
last several decades. The linear frictional strength
assumptions are applied to signify probable critically
stressed fractures, first in deep wells, later in naturally
fractured petroleum reservoirs, and in the more recently
exploited unconventional gas shales. Linear shear
strength assumptions are also applied to the intact rock,
which iz usvally described by simplified linear Mohr-
Coulomb, despite many tens of MPa change of effective
stress during the somefimes short lives of the reservoirs.

The commonly used Bygsleestype friction coefficient to
signify that fractures may be critically stressed, with

values quoted typically from 0.6 to 0.85, actually gives
no insight into pre-peak phenomena, which include the

beginnings of roughness and dilation mobilization,

giving potential permeability enhancement in the case of
gas shales and crifically stressed fracture sets in NFE.
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1= actually. something with strong curvature when matrix
porosity is present, is even more surprising, in view of
the 30 to 60 MPa mcrease in effective stress which is
often experienced during production. Linearization iz
also not consistent with the strong non-linearity
demonstrated by tectonophysicists such as Mogi (and
indeed Byerles) back in the 1960°s when applying high
confining stresses to small intact triaxial rock samples.

Strength culminating in a maximum strength identified
as a “critical state’ (1 au = 303 ) by Barton, 1976, led
Singh et al. 2011 to demonstrate that the horizontal
critical state of the strength envelope for a given rock
matrix is reached when the confining pressure reaches
the approximate level of uniaxial compressive strength.
This simplification works well for the majority of rocks,

In contrast, shear strength suggested by linearity ‘goes

on forever. Ohvionsly it cannct, and the highly sfressed

“island aspe: of even relatively planar shearing

fractures, if with insufficient static deformation meduli

as in the case of some gas shales, may be the reason for

some very short production lives. Such were indicated in_
interviews with the industry, in Ghassemi and Suarez-

Rivera, 2012 who mostly studied proppant-sustained

hydraulic fractures at Schlumberger TerraTelk facilities.

The original Q-system for characterizing rock expo-
sures, drill core and tunnels under construction was
developed from rock tunneling related and rock cav-
em related case records and has been used by engi-
neers across the world for over 40 vears (Barton et
al 1974 and Barton & Grimstad, 2014). Single-shell
B+8(f) tunnel support and reinforcement desizn as-
sistance, and open stope desizn, utilizing Q° (the
first four parameters) have also been the principal
focus of application in civil and mining engineering.

1.2 Q-siope overview

The Q-slope method (Barten & Bar, 2015) is intend-
ed for use in reinforcement-free site access road cuts,
road or rail cuftings or individual benches in open
cazt mines. It iz not intended for asszeszing the stabil-
ity of large slopes developed by several excavation
stages over significant periods of time, such as imter-
ramp or overall slopes in open cast mines.

Q-slope was developed from case records in six
counftries, spanning 17 rock tvpes (igneous, sedimen-
tary and metamorphic) and some saprolites for slope
heights ranging from m to 30m.
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and dilation iz less important than around tunnels as
there is usually no increase in nomal stress or stiff-
ness when shearing initistes. Filled discontinuities
follow the same “contact’ scheme as before: &) rock-
to-rock contact, b) rock-to-rock contact after shear
displacement, ¢) no rock-to-rock contact due to thick
clay fillmgs. Q-slope utilizes the same six parame-
ters RQD, In, Jr, Ja, Jy.and SRF. However, the fric-
tional resistance pair Jr and Ja can apply, when
needed, to the individual sides of potentially unsta-
ble \Aedges using simple orientation factors. The
term Jyy, which is now termed Juvice, takes into ac-

comt an appropriately wider range of environmental
conditions pertinent to rock slopes, which are ex-
posed to the elements indefinitely. These conditions
mnclude the extremes of erosive ntense rainfall, ice
wedging, as may seasonally ocour at opposite ends
of the rock-type and regional spectrum. There are al-
20 sloperelevant 3RF categories. For Q)-syetem us-
ers, the formula for estimating Q-slope 1= two-thirds
familiar (Barton & Bar, 2013):

Y
rop (1 e
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Fast or slow progress with TBM in ideal or faulted conditions

N. Barton
Nick Barton & Associates, Osio, Norway

N. Bilgin
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ABSTRACT: Tummel lengths of lan, perhaps 10km, and even a world-record equaling 15km can be driven in
ong year by TBM. In confrast, the very best drill-and-blast record so far is 3.8km in 54 weele, and usually it is
clozer to 50m in a weelk, rather than the 100m per week achieved by just a handfil of contractors worldwide, in
some portions of their drll-and-blast projects. A factor with TBM tumeling that does not seem to have been
vuerV ackm\hledppﬂ or used in planning is that there iz a general deceleration az the tumel gets longer. This
iz peen in crpmmpper cage records and in efficient double-shield, in each case following spesd-up in the
“learning curve’ period. Perbaps surprisingly, the same trends of deceleration are seen in the current world
record TBM performances, with diameters all the way from 3m and beyond 12m. The deceleration from PR to
best day, week, month, and 3-months is seen when total time is used, and advance rate 1s expressed mm'hr. Itis
found that the steepest deceleration occurs when the rock mass quality Q is low. This is confirmed by specific
case records from Turkey. The time delay is quantifiable. Sometimes hybrid TEM and D&B is best.

1 INTRODUCTION

The authors have experiences from both fast and slow
TBM excavations, and cases where drill-and-blast
‘rescue’ was required, zlthoush not originally
planned. A longer tmnel is automaticallv a ‘larger
sample’ of the rock mass, with more exremes likely
to be encowrered. Hard massive rock, faulted cla\—
bearing rock with water pressure, and high-momtain
cover are fhree extremes that individually or
collectively can cause serious delaye. The longer,
deeper tumel is also wnlikely to have been
investigated as thoroughly, so surprises have almost
to be expected.

2 SOME EXAMPLES FROM TURKEY

The geology of Turkey iz complex with weak rocks
and fault zones that tremendowsly decrease the
performance of TBA. Strong deceleration and delays
are seen in specific zones which often are related to
low or exremely low Q-values, representing the
mverse of trmelling quality. Conventionsl (drill-and-
blast) tunmelling and mechanical excavation methods
are sometimes used together in the same project, as
the tunel iz getting longer. The three following
examples show clearly how TBM performance and
machine utilization time are affected by low Q
values. The benefit of sometimes wsing hybrid (drill

2016

znd blast and TBM excavation) tumelling methods
are demonstrated by practical experiences.
2.1 Uluabat Hydropowsr Tunnsl

The excavation of the headrace tumel started in June
2006, with a 5.05 m diameter EPB-TBM. The tunnzl
was eventually fimshed in March 2010. During the
tunel excavation, the TBM jammed 18 times in
different places, due to the highly squeezing
characteristics of the ground. Rescue galleries were
opened next to the TBM to free the shisld, and a total
of 192 days were spent on these operations (Bilgin &
Algan 2012). Ome of the galleries opensd to rescue
the TBM is seen in Figwe 1. The tumel route from
chainages 11+465km to 7+7350 kan (3.7 kam) and from
6+000 km to 1+792km (4.2 km), consisted of the
Karakava formation of Triassic-aged meta defritice
such as fine grained metz-claystone, meta-sandstone,
schists efc. The tumel rowte between chainage 7+750
and 6+000 lan (1.75 kan) consisted of the Alcakoyim
formation of hrasic-aged limestone with crystallized
calcite fillings. Table 1 lists rescues galleries with
chainage, () valuez and a brief description of the
zones where the TBM was trapped. An average daily
advance rate of 8.6 m'day was achieved, including
all stoppages such as TBM standstills and hand
mining. The best daily and weeldy advance rates
were found to be 28.8 m and 198.4 m. respectively.
The best monthly advance rate waz 3832 m in
February 2007, as shown in Figure 2. The breakdown
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Abstract Q-slope is an empirical rock slope

method for assessing the stability of excavated rock slopes
in the field. Intended for use in reinforcement-free road or
railway cuttings or in opencast mines, Q-slope allows
geotechnical engincers to make potential adjustments to
slope angles as rock mass conditions become apparent
during construction. Through case studics across Asia,
Australia, Central America, and Europe, a simple correla-
tion between Q-slope and long-term stable slopes was
established. Q-slope is designed such that it suggests stable,
maintenance-free beneh-face slope angles of, for instance,
40°-45°, 60°-65° and 80°-85° with respective Q-slope

values of approximately 0.1, 1.0, and 10. Q-slope was
developed by supplementing the Q-system which has been
ly used for izing rock drill-

core, and tunncls under construction for the last 40 years,
The Q' parameters (RQD, J,, J,, and J,) remain unchanged
in Q-slope. However, a new method for applying J/J,
ratios to both sides of potential wedges is used, with rela-
tive orientation weightings for cach side. The term Jy,
which is now termed Jyic, takes into account long-term
exposure to various climatic and environmental conditions
such as intense crosive rainfall and ice-wedging effects.
Slope-relevant SRF categories for slope surface conditions,
stress-strength ratios, and major discontinuitics such as

zones, or joint swarms have also been

d. This paper di the applicability of the
Q-slope method to slopes ranging from less than 5 m to
more than 250 m in height in both civil and mining engi-
neering projects.

faults,

Keywords (-slope « Rock slope engincering - Slope
stability - Rock mass classification - Empirical method

List of symbols

RQD Rock quality designation

A Joint sets number

A Joint roughness number

da Joint alteration number

uwe Envi I and geological
number

SRFpe  Three strength reduction factors a, b, and ¢
SRF, Physical condition number

SRF, Stress and strength number

SRE, Major discontinuity number

O-factor  Orientation factor for the ratio J/J,

1 Introduction

In both civil engineering and ng projects, it is practi-
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QLD 4868, Australia
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cally imp to assess the stability of rock slope cut-
tings and benches in real time, using analytical approaches
such as kinematics, limit cquilibrium, or FEM/DEM
modeling. Excavation is usually too fast for this, The same
limitation usually applics to wnneling, despite numerical
modeler’s wishes to the contrary, However, rock caverns of
larger span are sufficiently ‘stationary’ for thorough and
more necessary analysis, and the same applics to higher
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Full Length Article
Risk of shear failure and extensional failure around over-stressed
excavations in brittle rock

Nick Barton™*, Baotang Shen”

* Nick Barton & Associates, Oslo, Norway
CSIRD Energy, Brisbane, Austrafia

ARTICLE INFO ABSTRACT

Articke history: m:m-mrﬁwhm«mmummmﬂmmm«mu
are employed: failure in over-stressed three-dimensional (3D) models of tunnels bored
under 3D stress, failure modes in (2D) numerical of 1000 m and 2000 m

deep tunnels using FRACOD, both in intact rock and in rock masses with one or two joint sets, and finally,
observations in TBM (tunnel boring machine) tunncls in hard and medium hard massive rocks. The
reason for ‘stress-induced’ failure to initiate, when the assumed maximum tangential stress is approx-
imately (0.4-0.5)o, (UGS, uniaxial compressive strength) in massive rock, is now known to be due to
exceedance of a critical extensional strain which is generated by a Poisson’s ratio effect. However,

Sracex propapon because similar ‘stress/strengsh’ failure imits are found in mining, nuclear waste research excavations,

Shear and deep road tunnels in Norway, one is easily misked into thinking of stress induced failure.

Poisson’s ratio

Break-out

Rock barst

Decp nunaels
stress oy = 0.4, due to simple arthmetic. mmmmdmnmdwmmm
tunnelling suggests frequent initiation of failure by ‘stable’ extensional strain fracturing, but propagation
in “unstable’ and therefore dynamic shearing. In the case of very deep tunnels (and 30 physical simu-
lations), compressive stresses may be oo high for extensional strain fracturing, and shearing will
dominate, both ahead of the face and following the face. When shallowes, the concept of ‘extensional
strain initiation but propagation” in shear is suggested. The various failure modes are richly illustrated,
and the inability of modelling is unless cobesion weakening and
friction mobilization at different strain levels are used to reach a pseudo state of yield, but still
considering a continuum,
© 2017 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access articke under the CC BY-NC-ND license (hittp://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction (log-spiral) shearing (Fig. 1). The second is a real case involving

highly-stressed granite in an underground research laboratory

‘We will start by illustrating two very different failure modes, (URL): the URL in Canada. Crack initiation is induced by tensile/

hmh of them being ‘physical realities’ but from very different rxlensuoml fracturing, but there is shearing, buckling, and a final

The first is from pe well-bore notch (see Fig. 2). In the following investigations,

in sandstones. With change of scale, a small deep tunnel in a ho(h tensile (or extensional strain) initiation and progression in

weak but brittle rock can be cavisaged. Failure is dominated by shear have their important roles to play. Tensile initiation may

consist of critical i which

can explain several puzzling phenomrna such as tensile frac-

turing in entirely compressive stress fields (e.g. Fairhurst and
Cook, 1966).

* Comesponding author,
E-mail address: nickrbarton®@hotmail com (N. Baon).
Peer review under responsibility of institute of Rock and Soil Mechanics,
Chinese Academy of Seciences.
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16747755 © 2017 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by Elsevier .. This is an open access article under the CC BY-
NC-ND license (hutp:/fereativecommoas.onglicenses/by-nc- nd/A0f)

2017

2017

Lessons learned from large failures: multiple causes include
adverse design, geology, and support

N. Barton

NBé&A, Oslo, Norway

Large tunnel and rock cavern spans that have failed for “geological’ reasons, or because of design errors,
are the main focus of this presentation. The effect of adverse and sometimes unexplored geology will
be illustrated. We will need to recognize that pre-investigations might miss some important detail,
despite an exceptional frequency of core drilling. Usually, this is of minor importance and does not
mean that failure will occur. Being wise after an event, whichis always much easier, one might generally
question why cross-hole seismics is not performed more frequently to obtain between-borehole
information. Prior to construction, the need for this in a particular, but at that time unknown location,
cannot of course be foreseen.

It is apparent that really large failures seldom result from just one or two oversights, but are caused by
a multitude of adverse factors working together. Small failures might be caused by designer or
contractor short-cuts, or more likely by failure to log “today’s” conditions and react with more support.
The really big failures are due to faulty design, and therefore inappropriate support, but sometimes just
the multiple effects of some exceptionally adverse and unanticipated ‘geology’, aided by a remarkably
adverse location, preventing the natural and needed arching. All or many of the following represent a
rich assortment of possible reasons for failure underground: ov ersumph.ﬁed design method assumptions
that are erroneous, erroneous details of sub-surface topography, ignored details of surface topography,
anisotropic low-strength jointing, the presence of unexpected discontinuities with adverse properties,
and finally the use of deformable and weak temporary support like lattice girders.

It seems that a really massive failure may involve about five or more adverse factors. With sufficient
factors involved, fatalities may be a regrettable consequence, besides the huge economic losses.
Surprisingly, whether or not a tunnel or cavern reaches this point of ultimate collapse might not depend
on real-time interpretation of the instrument readings. This is because reaction to a new and exceptional
rate of deformation may be too late when too many unknown adverse factors are already combined. A
state of ‘guaranteed failure’ may be reached despite instrumentation warnings.

The cavern and tunnel collapses that are generalized in the above paragraphs are specifically from the
world of city metro, motorway ring-road tunnels, and hydropower caverns. They will be added to by
reference to the largest open-pit slope failure to date, which showed the mechanism of progressive
failure and an adverse pit shape, resulting in an absence of large-scale tangential stress. Failure was
located in the ‘unstressed’ nose, and comprised 150 Mt of waste rock and ore. The tunnel and cavern
failures include two 140 m tunnel collapses, two 35 000 m? progressive cavern collapses, and a 15 000
m? total collapse. A relative absence of sufficient tangential stress (arching stress) can be blamed in each
case, and if the shear strength or designed support are in question, massive failure may result
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iBARTON-BANDIS CRITERION
Synopsis

The Barton-Bangdis criterion is a series of rock-joint behaviour routines which, briefly stated,
allow the shear strength and normal stiffness of rock joints to be estimated, graphed, and
numerically modelled for instance in the computer code UDEC-BB. Coupled behaviour, with
deformation and changes in conductivity are also included. A key aspect of the criterion is the
quantitative characterization of the joint, joints, or joint sets in question, in order to provide
three simple items of input data. These concern the joint-surface roughness (JRC joint
roughness coefficient). the joint-wall compressive strength (JCS: joinf compressive strength).
and an empirically-derived estimate of the residual friction angle (gy). These three parameters
have typical ranges of values from: JRC = 0 to 20 (smooth-planar to very rough-undulating).
JCS =10 to 200 MPa (weak-weathered to strong, ynweathered) and g-=20° to 357 (strongly-
weathered to fresh-unweathered). Each of these parameters can be obtamed from simple,
inexpensive index tests, or can be estimated by those with experience.

The three parameters JRC, ICS and g form the basis of the non-linear peak shear-strength
equation of Barton, 1973 and Barton & Choubegy. 1977. This 1s a curved shear strengih
envelope without cohesion (c). It will be contrasted to the linear Mohr-Coulomb ‘c and @°
(with apparent cohesion) criterion later. To be strictly correct the criginal Barton equation
utilised the basic friction angle gy of flat. unweathered rock surfaces (in 1973). while g; was
substituted for gy following 130 direct shear tests on fresh and partly weathered rock joints (in
1977).

As well as peak and residual shear strength envelopes for laboratory-scale joint samples,
Barton’s cooperation with Bandis (from 1978) resulted in corrections (reductions) of JRC and
JCS to allow for the scale gffect and reduced strength as rock-block size is increased. The
laboratory-scale parameters, written as JRCp and JCSo for laboratory-size samples of length Lo
(typically 50mm to 250mm), are written as JRCy and JCS, for in situ rock block lengths of Ly
(typically 250mm to 2500mm. or even larger in massive rock).

Bandis is also responsible for utilizing JRC and ICS in empirical equations to describe normal
closure and normal stiffness. Normal stiffhess (Kn) has units of lMPa/mm, and might range
from 20 to 200 MPa/mm. The Barton-Bandis (B-B) criterion includes the related modelling of
physical joint aperture E (typically varying from Imm down to 50um, or 0.05mm) as a result
of the normal loading (or unloading). B-B also includes the theoretically equivalent smooth-
wall hydraulic aperture e, (typically 1mm down to Spm, or 0.005mm). Usually E = e, and the
two are empirically inter-related, using the small-scale joint roughness TRCy.

Finally the stiffness in the direction of shearing has also to be addressed. It is called peak
shear stiffness (Ks). It has typical values of 0.1 MPa to 10 MPamm_ ie 1/10% to 1/100% of
normal stiffness. The concept of mobilized roughness (JRCaguizeg) developed by Barton,
1982, allows both the peak shear-stiffness and the peak dilation angle (the effective aperture
increase with shearing) to be calculated. The full suite of Barton-Bandis joint behaviour
figures includes shear stress-displacement-dilation, stress-closure, and the change of
estimated conductivity in each case. Examples of these will be given, following diagrams
illustrating joint index testing.
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Abstract For many decades, a tunnelling method has
been in use which effectively minimizes the use of con-
crete, which should be one of the goals in our COg-pro-
ducing planet. We call the method NMT (Norwegian
Method of Tunnelling) and emphasize its “single-shell”
¥ istics, to distinguish it clearly from double-shell
NATM (the so-called New Austrian Tunnelling Method),
which is recommended to have (AS NATM: the Aus-
trian practice of conventional wnnel 2010): shoterete,
mesh, lattice girders, rock bolts (if in-rock), drainage
fleece, membrane, and the final load bearing and often
steel-reinforced concrete lining, including the invert when
in poor rock conditions. This tunnelling method is
inevitably several times more expensive, uses many times
the wvolume of concrete, takes longer to build, and
requires at least a ten times larger labour force
gle-shell NMT. The single-shell tunnels for road or rail or
hydropower or water transfer, or for large caverns for
storage of oil or food, or for hydropower machine and
transformer  halls, can be made stable by judicious
application of a well-used (=2000 case record based) the
so-called Q-system of rock mass quality estimation. The

masses where we need nnels or caverns will lie closer to
‘mid-range’ (i.e. closer o @ = 1 which is deseribed as
‘poor quality’). Here we would need combinations of
cormosion-protected rock bolts and high quality fibre-re-
inforced shotcrete, with stainless steel or polypropylene
fibres. We may also need sysicmatic
injection of micro-cement and >
add 20% to the (low) starting cost of the NMT excava-
tion, Written as & | S(fr) in short-hand, NMT has rock
bolt efc spacing in metres and shoterete th
centimetres, as specified by the range of @ values and
excavation dimensions. The details are also affected by
the planned use. For instance, at our record-breaking
Olympic cavern of 60 m span (for housing 5400 specta-
tors or later concert goers), B = 2.5 m cfc + S(fr) 10 cm
were (and remain 25 years later) the siabilizing and per-
manent measures of support and reinforcement. Defor
mation monitoring and distinct element (jointed rock)
numerical verification showed 7-8 mm of maximum
deformation in the arch. The moderate (F value range of
quality of 2-30 (poor/fairfpood) and ROD = 60-90

kness i

latier encompasses a rock mass quality scale from 0.001
(equivalent to a serious fault zone, where we also may
need a local concrete lining) to 100 (equivalent to
massive unjointed rock) where careful blasting  will
remove the need even for shoterete. In peneral, rock

a well-jointed gnciss, which had only moderate
UCS = 90 MPa compressive strength,
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it would be interesting to know how mid-
European, specifically Austrian NATM  (double-shell)
designers would have tackled the design of such a large
cavemn, and what thickness of concrete would have been
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ABSTRACT: Brittle rock can fail due to extension strain over-coming the tensile limit, even when all stresses are compressive
Two related topics can thereby be addressed. The first is extension strain-induced failure in deep tunnels and mines, with fracture
initiation in tension but subsequent propagation in shear. The familiar ratio of maxisum tangential stress o, / UCS of 0.4 20.1
signifying rock fracture initiation, and the mitiation of acoustic emission, are each explained by the ratio of tensile and compressive
strength and by Poisson’s ratio, using a classic elastic equation and simple ant The critical  stress o
can actually be expressed as the ratio of tensile strength and Poisson's ratio o, /v, hence the ratio 0.420.1. The second related topic
is the /imited heights of mountain walls, seen from the perspective of rock climbing. Limited in this case is a relative term: 1,000m
te 1,350m of almost vertical meters challenge all rock climbers. This “big-wall’ range of heights 1s not exceeded anywhere in the
world, Although strong granites are often involved, large-scale tensile strengths are apparently no larger than about 5 to 100MPa,
due to weakening from temperature-cycling. At the other end of the spectrum, cliff houses i Cappadocia tuffs in Turkey may
become exposed at intervals, due to extension failure of 15-20m high cliffs, with in sifu tensile strengths of only 0.1MPa. Mountain
heights limited to 8-%km can be explained by non-linear critical state rock mechanics: maximum shear strength is the limitation,
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1 INTRODUCTION

The term ‘characterisation’ will be used to describe methods of collection and interpretation of the

physical attributes of the joints and other discontinuities, in other words those which control their

mechanical and hydraulic properties, and the behaviour of jointed rock as an engineering medium. Rock

discontinuities vary widely in terms of their origin (joints, bedding, foliation, faults/shears, etc ) and

associated physical characteristics. They can be very undulating, rough or extremely planar and smooth,

tightly interlocked or open, filled with soft, soil-type inclusions or healed with hard materials. Therefore,

when loaded in compression or shear, they exhibit large differences in the normal and shear deformability

and strength, resulting in surface separation and therefore permeability. Such variability calls for

innovative, objective and practical methods of joint characterisation for engineering purposes. The output

must be quantitative and meaningful and the cost kept at reasonable levels. The practical methods to be

described will be biased in the direction of quantifying the non-linear shear, deformation and

1. INTRODUCTION TO TUNNEL FRACTURES

Why do tunnels in massive rock start to exhibit fracture
mitiation when the ratio of the assumed maximum
tangential stress o, reaches approximately 0.4 x UCS?
Why does acoustic emission in a laboratory compression
test initiate at a similar ratio of principal stress and
uniaxial compressive strength? Why do vertical cliffs in
the ultra-weak Cappadocia tuffs in central Turkey tend
to fail and expose underground dwellings or churches at
mtervals of a few decades or centuries, when thewr
heights are even as little as 10 to 20 m? Why do the
highest vertical mountain faces in the world of rock
climbing range from ‘no more’ than 1,200 to 1,300m in
height? Why did the first TBM tunnel in the world
(1880 fail at its haunches when it curved beneath only a
70m high chalk cliff next to the Channel Tunnel, which
was built 110 years later?

In the world of tunnelling we have come to expect

increased depth of break-out when oy /UCS > 04 (=
0.1), following a Canadian initiative (Martin et al. 1998).
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This is shown in Figure 1. Since 1993 we have used a
rapidly accelerating value of the stress reduction factor
SRF in the widely used single-shell Q-system tunnel-
support recommendations, when o, /UCS exceeds 0.4-
0.5, as shown in Table 1. (Barton et al. 1974 showed
SRF deliberately accelerated when the simpler ratio of
a./a reduced to below 5). Why do we need to reach a
peak tangential stress of only 0.3-0.5 x UCS? Is this due
to a scale effect, or due to an incorrect assumption?

Table 1. The ‘acceleratmg’ value of SRF when the ratio
@/UCS > 0.4, from the Grimstad and Barton, 1993 analysis of
deep (600 to 1,400 m) road runnels in Norway. Pre-1974 cases
had suggested these limits: o./a, <5 or ai/a,< 0.33 required
higher SRF and mere robust tunnel support, reduced bolt c/c.
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permeability behaviour of joints, based on the Barton-Bandis (BE) rock engineering modelling concepts.
The term ‘modelling’ will be used to introduce the basic stress-displacement-dilation behaviour of joints
in shear, and the basic stress-closure behaviour when joints are compressed by increased normal stress.
These are the basic elements of the (non-linear) behaviour, which are used when medelling the two- or
three-dimensional behaviour of a jointed rock mass. They are the basic BB (Barton-Bandis) components of
any UDEC-BB distinct element numerical model (used commercially and for research since 1985). The BB
approach can also be used to determine improved MC (Mchr-Coulomb) strength compenents for a 3DEC-
MC three-dimensional distinct element numerical model. In other words for acquiring input at the
appropriate levels of effective stress, prior to BB introduction into 3DEC, believed to be a project

underway. Due to space limitations, constant stiffness BB behaviour of rock jeints is given elsewhere.

Keywords: joint characterization, roughness, wall-strength, peak strength, shear stiffness, normal stiffness,
physical and hydraulic opertures (Quantification of parometers: JRC, ICS, ®,, K., K,, Eand )
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Tunneling through Either Intact, or Jointed, or Faulted Rock
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ABSTRACT: Rock masses obviously represent the most variable of engineering materials, and the
three categories listed in the title represent most of the range of rock quality. We need to include
stress magnitudes, water pressure and permeability to be more complete, but will ignore swelling
pressures. This keynote paper will address some new find about ling th zh these three
categones For instance, the critical tangential stress experienced when ﬁ'acluung of intact rock
initiates in deep tunnels is caused by the ratio of tensile strength/Poisson’s ovv. This explains the
critical ratio og/ce = 0.4 The extensional strain-induced fracturing will mostly propagate in shearing
mode at higher stress levels, and this can be the source of rock bursts. The presence of jointing helps
to dissipate the latter. Contrary to the experiences with drill-and-blast tunneling, TBM experience
difficulties at both ends of the spectrum (intact, jointed, faulted). Partly for this reason, deceleration
from day to week to month to one year is a common experience, also shown by the remarkable world

records of TBM performance. A simple formula explains the delays of TBM tunnels mn fault zones.

1 THE ROCK THAT BEARS THE LOAD

When we excavate a tunnel through mtact,
jointed or faulted rock masses, with Q-values
potentially ranging from 1000 to 0.001, how
important is the capacity of the support and
reinforcement of the tunnel periphery, compared
to the capacity of the surrounding ‘cylinder’ of
rock mass to take load? The redistributed
stresses, and the slightly deforming and
adjusting rock blocks in the surrounding
‘cylinder’ (with dimensions which may be up to
several tunnel diameters in thickness), account
for a huge majority of the load-bearing abilities,
except when very close to the surface.

The shotcrete, rock bolts, and occasional
concrete of single-shell NMT (Q-system-based)
tunnels, are selected merely to retain the load
bearing  abilities of the all-important
surrounding rock mass. Naturally we can assist

Even the thickest concrete lining can hardly

pete with the hundreds or th ds of tons
of load that are arched around each runming
meter of a tuanel. For instance, a SMPa vertical
stress at 200m depth, which may be
concentrated to more than 10MPa in the tunnel
walls, arch or invert (depending on the stress
uusou'op}) causes variation from 1,000 to 500
tons/m’ in the nearest meter-thick-meter-wide,
naturally load-bearing ‘rock-mass-ribs’ which
surround the excavation. In the first 10m of the
surrounding rock ‘cylinder’ an estimated load-
in-the-arch of 5,000 to 10,000 tons per running
meter of tunnel, obviously far exceeds the load-
bearing abilities of shotcrete, rock bolts or
concrete. At 1,000m depth the load-bearing
capacity of the natural rock arch is even more
essential.

The "softest’ support of all, the lattice girders
used in NATM tunneling, have little to

this process with sufficiently high. pre-
injection, if using stable (nan-shrmkmg and
non-bleeding) microcement P It is

t in hard rock with marked over-break,
because good contact with the tunnel perimeter

believed that most of the six Q-parameters are
effectively improved by correctly carried-out
high-pressure pre-injection.  We know of
velocity increases and permeability tensor
rotations and magnitude reductions, even as a
result of quite conservative grouting in dam
abutments (Barton, 2012a). Hydraulic (e) and

is difficult. Why do we seldom see o\u‘-bteak
and its volumetric (and stress-distrib
consequences in drawings and numencal
models of concrete-lined NATM tunnels?

In both single-shell NMT and double-shell
NATM philosophies, we are pting to help
the mck to help itself Clearly l:here are

physical apertures (E) must be differentiated.
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1ally big cost
how we do this, but these will notbeaddressed

Limited heights of cliffs, mountain walls and mountains using rock mechanics
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Abstract

Intact brittle rock can fail in tension even when all principal stresses are compressive. Thas is
due to lateral expansion and extension strain when near to a free surface, caused by Poisson's
ratio. Tensile strength and Poisson's ratio are the fracture-initiating parameters around deep
tunnels, not the increasing mobilization of compressive strength, commonly bevond 0.4 x
UCS. In a related discovery, the limiting height of vertical cliffs and near-vertical mountain
walls can also be explained using extension strain theory. The range of limiting heights of
approximately 20m for cliffs in porous tuff to record 1,300m high mountain walls in granite
are thereby explained. The world’s highest mountains are limuted to 8 to 9km. Thus 1s due to
non-linear eritical state rock mechanics. Maximum shear strength is the weakest link when
stress levels are ultra-high, while tensile strength is the weakest link behind cliffs and ultra-
steep mountain walls. Sheeting joints can also be explained by extension strain theory.

Keywords: cliffs; mountains; sheeting joints; extension strain; tensile strength; shear strength

1 Introduction
1.1 The lessons from deep tunnels

The starting point for the ultra-simple cliff-height and mountain wall-height equation which is
introduced in this article is the observed and recently modelled fracturing behavior of deep
tunnels in massive rock. Fracturing may be initiated by extensional strain overcoming the
tensile limit, even when all stresses are compressive. This is possible due to the lateral
expansion caused by Poisson’s ratio. A small-scale example of this 1s the acoustic emission
that occurs due to micro-fracture initiation when testing intact rock cylinders in traditional
uniaxial compression, where Poisson’s ratio is also at work. The commeonly used parameter
obtained from such tests is o, the unconfined compression strength (commonly written as
UCS). This might be 120MPa for granite but only 1MPa for weak porous tuff, the medium
once used by Christian cliff-dwellers in Capp 1a, Turkey. The tuffs are used today for
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Nonlinear shear behavior of rock joints using a linearized
implementation of the Barton—Bandis model
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= from the linear Mohr—Coulomb (M- C) model, which is only appropriate for smooth and
g non-dilatant joints. This limitation prevents fractured rock models.
joint shear behavior. To bridge the B-B and the M- C modcls, this paper aims o provide 3 fincarized

from capturing the nonlinearity of

Friction and dilation the B
Harton- Bandis (8-8) modcl
Eaquivalent Mohr—Coulomb (M—C)

M C

that can satisfy the nonlinear shear behavior of rock joints. These equivalent parameters, namely the
equivalent peak cohesion, friction angle, and dilation angle, are then converted into their mobilized

parameters forms to account for the mobilization and degradation of JRC under shearing. The canversion is done by
expressing JRC in the equivalent peak parameters as functions of joint shear displacement using pro-

posed hyperbolic and
respectively.

functions at the pre- and post-peak regions of shear

logarithmic
. Likewise, the pre- and post peak joint shear stiffnesses are derived so that a complete shear

of the BB model show that the shear stress-+ mwmmdmmmm
shear strength envelopes of rock joints numerical resuls.
omnlwmruunmwlmmmmummwmn
Elsevier BV, This is an open access article under the CC BY-NC-ND license (hitp:/jcreativecommeons.ong/

beensesfby-nc-nd/4.07).

L Introduction

Rock masses contain various types of dmnlmlillts. such as
bedding planes, joints, shear zones, and faults, which distinguish
them from other materials. Joints are commonly observed and
widespread in rocks. Unless they are healed and mineralized, joints

y
do not have tensile resistance and their shear strength is usually
much smaller compared to the intact rock matrix (Priest, 1993;
Singhal and Gupta, 2010). In a fractured rock mass, the shear
behavior of rock joints is particularly important because it
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i controls the ul strength, and hence the
stability of the rock mass. For example, the conditions for slip on
major pervasive features in fractured rock masses, such as block
sliding from a slope or block falling in an underground excavation,
are controlled not only by the shear strength of the particular joint
but also by its dilation along asperities under shearing (Goodman,
1976, 1989; Barton and Hansteen, 1979; Barton, 1982). This dila-
tion is caused by the mobilization of joint surface roughness, and it
will cause nonlinearity in the shear strength as well as strain
hardening and strain softening in the shear behavior of rock joints.
Therefore, it is essential for fractured rock models to take into ac-
count this nonfinearity so that the realistic response of fractured
rock masses can be accurately predicted, leading to the economical
and reliable design and analysis of excavations and structures in
rocks.

Extensive laboratory experiments on rock joint behavior from
the early 1960s to date have shown that the shear behavior of rock

NC-ND licemse (hetpfereativecommons onglicenses/by-ac-od4.00,
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Abstract

Statistical logging of individual Q-parameters has been performed along 55m of the
APSE tunnel (ch. 24 to 80m) and for the full length of the KA 3376 BO1 core, which
runs in the left wall of the tunnel. The overall picture is of increased jointing towards
the end of the tunnel and towards the end of the borehole. The best values of Qpueu and
Qusost fraqueme and relative block size RQD/J; were registered in the chainage 45 to 53m.
Since the target area, with completed invert, is from about ch. 60 to 75m, the Qugue and
Qumost frequent averages of 20 and 40 from this 15m of tunnel have been used to make
preliminary estimates of seismic velocity (5.8 to 6.0 km/s) and Exzus (59 to 66 GPa).
Estimates have also been made of tunnel convergence, which corresponds quite well to
measured convergences. Rock mass strengths and cohesive and frictional strengths have
also been empirically estimated, based on the Q-logging.

2003 (Omission: Inserted here to avoid displacing all ‘boxes’)




2018 ‘Letter’ to Research Gate: Response to authors who suggested
RQD could ‘rest in peace’ By Nick Ryland Barton

The respected developers of RMR (Dr. Dick Bieniawski) and RQD (Dr. Don
Deere) passed away on either side of the 2017/2018 New Year. They will be
remembered both with thanks and initial sadness. There is no doubt that rock
mechanics and rock engineering users of their methods form only a very small
portion of the 14 million users of Research Gate with its remarkable
100,000,000 research items. Nevertheless, perhaps most of our millions of
colleagues will also have driven through a tunnel or drunk water from a
reservoir where one of these rock mass classification methods were used in
the drill-core related investigations for the subterraneous constructions, in
infinitely diverse rock masses, in our numerous countries. So, the respected
professors’ passing, and their heritage is important to mark, also in ‘the pages’
of RG. RQD in particular has had enormous application in civil engineering.

As in all scientific and engineering fields there is competition and there are
strong opinions. This is how each subject develops. Better arguments may be
needed, or better methods eventually replace the old. Related exactly to these
opinions it has recently been suggested by a small hand-full of co-authors that
RQD, which was developed in 1964, should be replaced, or should rest in
peace. This is an opinion that is hardly likely to be shared by many of the tens

TBM Tunnelling under Difficult Conditions: Too Massive, Too Faulted,
Too Wet, Too Deep

N R Barton
NBded, Oslo, Norway

ABSTRACT: It is common knowledge that TBM are remarkable machines_ It nevertheless takes mental effort
to accept that they can have world record 1 day, 1 week and 1 month tunnel advance as high as 172m, 703m
and 2163m. However, the best monthly project averages for the usually smaller 3m to 6m diameter machines
which have delivered these incredible records are “only” 1.1 to 1.3 km_ not anywhere near 2km_ In other words,
tunnel length and time take a toll, due both to geology, hydrogeology, and machine-related delays. Unfortu-
nately, the other side of the coin has seen more than a few TBM that remain buried in mountains forever (nesd-
ing drill-and-blast completion), or they are delayed for many months or even years. This huge range of perfor-
mance demands a lot from models of TBM prognosis: the range of tunnel advance may vary over four orders
of magnitude from 0.001m/hr (i.e. stuck in fault zone) to an occasional 10m/hr penetration rate. Because of the
huge range of an empirical parameter QTen this range is possible to encompass, and is founded on the 0.001-
1000 Q-value range, plus particular emphasis on comparing cutter thrust and rock mass strength_ 1 to 100MPa.

1 INTRODUCTION - WORLD RECORDS

TBM prognosis models must be capable of explaining
less than 1m/hr penetration rate (PR) in hard massive
rock, perhaps short-term 10m/hr penetration rate (PR)
in softer jointed rock, but only 0.01 m'hr average ad-
vance rate (AR) when severely delayed in fault zones.
The implied eighty meters during one vear, struggling
to get through a faulted zone is clearly close to the
limit of acceptance. Values an order of magnitude
lower than this mean virtual burial. So we see in these
figures a ten thousand-fold variation (fastest 10m/hr,
slowest 0.001m/hr) that needs a geo-technical, quan-
tifiable explanation.

In this lecture we will examine the adverse effects
of massive hard rock, faulted rock with and without
the complications of wet tunnels requiring delaying

“cubes” is the mean of four sets of data for 6-Tm, 7-
8m, 8-9m and 9-10m TBM. This collective averaging
helps to see trends more clearly.

In Figure 1, day, week and month records (given
in meters) are converted to the form AR (m/hr) by di-
viding by 24, 168 and 720 hours. Data from 8 coun-
tries are represented, but chiefly USA and China The
record mean mownthiy data plots at AR = 1.7 m/hr for
the 3m to 6m class, and at AR = 1.1 m/hr for the 6m
to 10m class. These results are shown with the two
small circles. The larger crossed-circle to the right
represents 54 weeks for 5.8 km at the Svea Mine Ae-
cess Tunnel, achieved during the LNS drill-and-blast
world record. This was driven in coal-measure rocks
and obviously required some shotcreting and rock
‘bolting, due to varied Q-values. Slowest progress was
made through a near-surface zone of permafrost.

of thousands of engineering geologists who have used this method and will no
doubt be using it in the future as well. Fifty years is a respectable track record

in any field. (cont).
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Abstract

The Q-slope method for rock siope engineering provides an
empirvical means of assessing the siability of excavated rock
slopes in the field It enables rock engineers and engineering
geologists to make potential adiustments to slope angles as rock
mass conditions become apparvent during the construction of
reinforcement-free road or railway cuftings and in open cast
mines. O-siope was developed by supplementing the Q-system
which has been extensively used for characterizing rock expo-
sures, drill core and underground mines and tunnels under
construstion for over 40 years. The ()’ parameters (ROD, J.,
J and J) have remained unchanged in Q-slope, aithough a
new method for appiying J /J. ratios to both sides of a poten-
tial wedge is used, with relative orientation weightings for each
side. The term J_ has been replaced with the mare comprehen-
sive term J_, which takes into account long-term exposure to
various climatic and environmental conditions such as intense
erosive rainfail and ice-wedging effects. SRF categories have
been developed for slope surface conditions, stress-strength
ratios and major discontinuities such as faulis, weakness zones
or joint swarms. Through case studies across Europe, Austraiia,
Asia, and Central America, a simpie relationship bebween
Q-slope and long-term stable siope angles was established
The Q-slope method is designed such that it suggests siabie,
maintenance-frae, bench face slope angles of, for instamce,
40-45°, 60~65° and 80-85° with respactive 0-siope values of
approximately 0.1, 1.0 and 10, O-slape has also been found to
be compatible with P-wave velocity and acoustic and optical
teieviewer data obtained from borehole and surface-based gao-
physical surveys to determine appropriate rock slope angles.

Keywords
Q-slope, rock siopes, borehoie geaphysics, slope stability
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1 Introduction

Assessing the stability of rock slope cuttings and benches
in real-time, as excavations progress and ground conditions
become apparent, using analytical approaches such as kine-
matics, limit equilibrium or finite and discrete element models
is practically impossible in both civil and mining engineering
projects. The rate of excavation is too fast for this. The same
limitation usually applies to tunneling, although large under-
ground openings (e.g. caverns) are sufficiently stationary for
thorough and more necessary analysis, and the same applies
to high rock slopes

Several empirical methods for assisting rock engineering
design have been developed in the last 50 years and are used
for a variety of applications by rock engineers and engineer-
ing geologists, primarily for tunneling and support of under-
ground excavations. In the case of rock slopes, some empirical
methods predict support, reinforcement and performance of
excavated slopes. However, aside from Q-slope, no empiri-
cal rock engineering methods provide guidance in relation to
appropriate, long-term stable slope angles in which reinforce-
ment and support is deliberately absent. Such slopes actually
dominate the demand by a huge margin.

2 Q-System

The Q-system for characterizing rock exposures, drill core
and tunnels under construction was developed from tunnel-
ing-related and cavern-related case records [1] [2]. Single shell
B + 5(/¥) tunnel support and reinforcement design assistance,
and open stope design, utilizing 0 (the first four parameters
RQD, J, J & J.) have been the principal focus of applica-
tions in civil and mining engineering. Correlations of 0 (0
normalized with UCS/100) with stress-dependent P-wave
velocities and depth-dependent deformation moduli have also
proved useful in site characterization and as input to numeri-
cal modelling These approximations remain with the Q-slope
value, which may also vary over six orders of magnitude from
approximately 0.001 to 1000. This large numerical range is a
reflection of the large variation of parameters such as deforma-
tion moduli and shear strength

pre-injection, and finally TBM tunnels that are actu-
ally too deep in relation to the strength of the rock,
and therefore suffer rock bursts.

Thanks to some detailed TBM world record ad-
vance rate statistics provided by Robbins on the inter-
net, it was possible to derive the present (2015) record
data shown in Fi; 1. The 3 to 6m diameter class _ . 3 -
shown with the sgl‘:lelest ‘cubes’ is the mean of three pecmll}'. an fmwufficieat form. of progassis. i
sets of data given for 34m, 4-5m and 3-6m TN,  Stand-stills are naturally excluded, the clieat may get
based on assumed 24 hours, 168 hours and 720 hougs. 20 Optimistic view of likely performance. Utilization
The 6 tol0m diameter class shown with the larger ™% entimated Kum the clazic and moct meed THM
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2 CASE RECORDS SHOW DECELERATION

There is an all too common habit of reporting utiliza-
tion (U) of TBM without specifying the time period
involved. An estimated average daily utilization is es-
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Abstract

Brittle rock can fail in tension even when all principal stresses are compressive. The culprit is Poisson’s ratio, but marked
stress anisotropy due to a neighbouring free surface, and due (o a ruised principal tangential stress is also necessary. Exten-
sion strain-induced failure causes fracture inj in tension. Propagation in unstable shear may occur if the tunnels or
mine openings are deep enough, and if they are located in hard, brittle, sparsely jointed rock. Both in laboratory uniaxial
compression test samples with strength o, and in deep tunnels, extension fracturing and acoustic emission begin when the
principal applied or induced stress reaches the magnitude of tensile strength divided by Poisson’s ratio o/v. The tradition-
ally expected fracture initiation when the principal or maximum tangential stress o of o= 0.4+ 0.1 X o, can actually be
explained with arithmetic. Using related logic, cliffs and the rtical walls d by rock climbers, may
have erosional or glacial origin, but extension strain limits their height, including vertical walls of sheeting joints and long
continuous fractures, Shear failure seems o be reserved for occasional major rock ches. B with soil mech:
origin involving Coulomb parameters ¢ and @ and density that may apply to vertical cuts in soil, give greatly exaggerated
heights for rock cliffs and mountain walls since rock is brittle and favours failure in tension. Tensile strength, Poisson’s ratio
and density are suggested for estimating the i heights of rock cliffs and mountain walls, not compression strength
and density. However, overall mountain heights are limited by critical state maximum shear strength, or by the slightly lower
brittle-ductile transition strength.

Keywords Extension strain - Tensile strength - Poisson’s ratio - Shear strength - Fracturing - Tunnels - CLiffs - Mountain
walls - Mountains

Abbrevlations SRF Stress reduction factor (from Q-value)
o, Uniaxial compression strength (of rock) R, Depth of failure + excavation radius (a)
4 Unconfined compression strength (of soil) FRACOD Fracture mechanics numerical code
o Uniaxial tensile strength (of rock) DDM Displacement discontinuity method
v Poisson’s ratio NGI Norwegian Geotechnical Institute
o, Minor horizontal principal stress Rock mass quality
oy Major horizontal principal stress Lateral extension strain (radial)
a, Vertical principal stress Critical extensional strain
a, Major principal stress Young's modulus
oy Minor principal stress For plane strain
Ko Ratio of oy/o, Critical height of vertical cutting in soil
Koy Ratio of aylo, Cohesion of soil (or intact rock)
LA Maximum tangential stress (also o, ) » Friction angle of soil (or intact rock)
v Density of soil (or intact rock)
JRC Joint roughness coeflicient
= Nick Barton ics Joint wall compression strength
nickrbarton@hotmail.com R Equivalent roughness of broken rock,

NB&A, Fjordveien 65, Hiwvik 1363, Norway s :um . o ke ok
S quivalent strength of en rock, screes
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Abstract. This paper investizates the mechanisms of tunnel

spalling and massive namel failures using fracture mechanics

‘principles. Tha study starts with examining the fracture propagation due o tensile and shear failure mechanims. It was found
that, fundamentally, in rock masses with high compressive stresses, tensile fracture propagation s often a stable process which
leads o a gradual failure. Shear fracture propagation tends to be an wastable process. Several real case chservations of spalling
failures and massive shear failwes i boreholes, tunnels and underground roadways are shown in the paper. A mumber of
‘umerical models were used to investigate the facure mechanisens and extents i the roofwall of & deep tunnel and in an
underground coal mine roadway. The modelling was done using a unique facture mechanics code FRACOD which simulates
explicitly the frachure fitiation and propagation process. The study has demonstrated that both tensile and shear Fracturing may
occur in the vicinity of an underground opening. Shallow spalling in the tuanel wall is believed to be caused by tensile fracturing

from extansional strain although no tensile stress exists there.

Massive large scale failure however is most likely to be caused

by shear fracturing under high compressive stresses, The observation that tunnel spalling often starts when the hoop stress
reaches 0.4*UCS has bean explained in this papar by using the extension strain criterion. At this uniaxisl compressive stress

level, the lateral extentional strain s equivalent to the critical

strain under uniaxial tension. Scale effect on UCS commonly

believed by many is wnlikely the dominant factor in this phenomenon

Keywords: tunnel spalling; fracture propagation; extension strain criterion; shear fracturing; failure mechanism;

FRACOD

1. Introduction

Rock masses are increasingly employed as the host
mediwm in a vast aray of human activities. Facilities like
storage caverns, petroleum wells, water and transport
tunnels, and underground power stations are located in a
variety of rock types and suffer extra challenges when at

depth. E stability is i for all
such constructions, in both the short and long term.  The
understanding of fracturing of rock masses has become a
neceasity for deep rock excavations in brittle rocks. Small-
scale breakouts around single wells i petroleum
engineering halp to indicate principal stress direction and
the degres of stress Large-scale stry i
induced fracturing in tunnels can lead to massive tunnel
failure which not cnly increases the time and cost of tunnel
excavation and maintenance, but also imposes serious
safuty threats to personmel, and cccasionally leads to
fatalities,

Failure of brittle rock is often associated with explicit

and have been constamtly debated amongst researchers
Tunnel spalling is the most commenly observed fracturing
phenomensn in highly stressed brittle rock, and most
researchers believe it is caused by tensile fracturing
(Andersson 2007, Martin and Chandlar 1994) Havmn
hers have l:m ling to explain
why tensile fracturing occurs in the tunnel wall where no
tensile stress exists. Also difficult to explain is that the
spalling tends to start when the maximum estimated hoop or
tangential stress reaches approximataly 0.4*UCS (Uniaxial
Compressive Strength) (Martin et al  1999)  Some
researchers tend to believe this may be a logical scale effect
on UCS. Howeves, this phenomenon not only occurs in
large scale tunnels but also in laboratory scale samples
(Martin 1997), making the scale effact thecry inadequate.
Large scale massive failures have been observed in
tunnels and boreholes under very high stresses (Barton
2006). This is believed to be caused predominately by shear
fracturing, Fracturing around boreholas drilled at uﬂ.aus
u:[]n mto a highly-stressed brittle medium in the

fracturing events. The ‘hani. of rock fr
around an actual underground excavation are often complex
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(ot a thick-walled cylinder test) was
consistently caused by the log-spiral shear mechanism
(Addis et al. 1990).

Diederichs (2003) and Diederichs ot al. (2004) carried
out detailed studies on the mechanisms of rock facturing in
hard rocks, and believed that, depending on the stress state,
failure could be caused by shear (high confining stre:
spalling (low confining stress) or tension (tensil

, see
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Q-SLOPE: AN EMPIRICAL ROCK SLOPE ENGINEERING APPROACH
IN AUSTRALIA

Neil Bar' and Nick Barton®
1Gecks Geotechmicz Py Lrd, Caimns, Australia, *Nick Barten & Azsociares, Ocla, Novway

ABSTRACT
The Q-slope method for rock slope enginesring pm\'ld.es an Emplncal mesns of assessing the smbility of excavared rock
slopes in the field. Q-slope allows geotechnical eng: and ists to make potential adjustments to slope

angles as rock mass conditions become apparent during the construction of reinforcement-free read or rallway cuttings and
in open pit mines. Through case smdies acress Australia, the Americas, Asia and Europe, a simple cormelation betwesn Q-
slope and long-term stable slopes was established The Q-zlope method 15 desigmed such that it suggests stable,
maintenance-free, bench face slope angles of, for instance, 40-45°, 60-65° and 30-85° with respective Q-slope values of
approximately 0.1, 1.0 and 10.

Q-zlope was developed by supplementing the Q-system which has been extansively used for characterizing rock exposures,
drill core and underground mines and tunnels under construction for the last 40 years. The Q' parameters (RQD, T, J; and
1,) have remained unchanzed in Q-slope, although & new method for applying I/7, ratios to both sides of a potential wedge
is nsed, with relative crientation weightings for each side. The term I, has been replaced with the more comprahensive temm
Tuaze, which takes into account long-term exposures to various climates and environments. SEF categories have been
developed for slope surface conditions, stress-strength ratios and major discontinuities such as faults, weakmess zones or
joint swarms.

This paper discusses civil and mining engineering applications of the Q-slope method in Australia for & variety of ground
conditions from very weak to strong rocks, blecky to massive, isotropic rock masses to laminated, heterogeneous, highly
anisorepic rock masses. A case study is also to illastrate the ¢ ibility of Q-slope with P-wave velocity and
aconstic and optical televiewer data obmined from borshole geophysical surveys to determine sppropriste rock slope angles.

NOMENCLATURE
RQD - rock quality designation SRFuupe — largest of three sirenzth reduction factors: a, band ¢
T, — joint sets number — physical condition number

I, — joint roughness number

I, — joint alteration mimber

Tuiee — environmental & geological condition
number

SRF}— stress and strength number
SRF. - major discontinuity mumber
O-factor — orientation factor for the ratio TJ/T,

1 INTRODUCTION

In both civil and mining engineering projects, it is practically impossible to assess the stability of rock slope cutings and
‘benches in real-time using analytical approaches such as kinematics, limit equilibrium or finite and distinct element
modelling. Excavation is usually too fast for this. Furthermore, in Australis, the cost of engineering services and labour are
too high to facilitate such detailed slope desizn guidance and reconciliation during excavation The same limitation nsually
appliss to nmnelling, although caverns and large underground openings are sufficiently stationary for thorough and more
necessary analysis, and the same applies to high rock slopes.

The purpose of Q-slope is to allow enginesring zeologists and geotechnical enginesrs to assess the stability of excavated
rock slopes in the field, and make potential adjustments to slope angles as rock mass conditions become visible during
construction (Barton & Bar, 2015). Key areas of Q-slope application are from the surface and downwards: bench face angle
decisions in open pit mines, and for numerous slope cuttings to reach remote project sites in mountaineus terrain through
warying geclogical conditions. In many reck slope problems, the engineer needs to quickly decide whether the slope will be
excavated ar angles of 45 to O0° or shallower than 45°. The use of Q-slope during excavation can help to reduce
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Limited heights of vertical cliffs and mountain walls linked to
fracturing in deep tunnels - Q-slope application if jointed slopes
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ABSTRACT: Intact brittle rock can fail in tension even when all principal stresses are compressive.
This is due to lateral expansion and extension strain when near to a free surface, caused by
Poisson’s ratio. Exceeding tensile strength due to stress anisotropy and Poisson’s ratio are the
fracture-initiating conditions around deep tunnels, not the increasing mobilization of compressive
strength, commonly beyond 0.4 x UCS. In a related discovery, the limiting height of vertical cliffs
and near-vertical mountain walls can also be explained using extension strain theory. The range of
limiting heights of approximately 20m for cliffs in porous tuif to record 1.300m high mountain
walls in granite are thereby explained Tensile strength is the weakest link behind cliffs and ultra-
steep mountain walls. Sheeting joints can also be explained by extension strain theory. Maximum
shear strength is the weakest link when stress levels are ultra-high. or when there is jointing and
maximum slope angles is the issue. Here one can use Q-slope. The world’s highest mountains are
limited to & to 9km. This is due to non-linear critical state rock mechanics. It is not due to UCS.

KEY WORDS: Deep tunnels, Cliffs, Mountains; Extension strain; Tensile strength; Shear strength

INTRODUCTION

The lessons from fracturing in deep tunnels is
the starting point for the ultra-simple chif-
height and mountain  wall-height equation
which is introduced in this article. The observed
and recently modelled fracturing behavior of
deep tummels in massive rock indicates that
fracturing may be initiated by extensional strain
over-coming the tensile limit, even when all
stresses are compressive. This is possible due to
the lateral expansion caused by Poisson's ratio.
A small-scale example of this is the acoustic
emission that occurs due to micro-fracture
initiation when testing intact rock cylinders in
traditional uniaxial compression, where
Poiszon’s ratio is also at work. The commonly
used parameter obtained from such tests is o,
the unconfined  compression  strength
(commonly written as UCS). This might be
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150MPa for granite but only 1.3MPa for weak
porous tuff, the medium once used by Christian
cliff dwellers in Cappadocia, Turkey. The tuffs
are so weak that there have been many historic
cliff failures, which expose old dwellings and
Christian churches at irregular intervals.
The most basic strength parameter oc has
traditionally been compared with the estimated
maximum tangential (‘arching”) stress, to
investigate if a deep tunnel will suffer fracturing
or rock-burst and need more support like
sprayed concrete and rock bolts. A newly
excavated tunnel results in a big contrast
between the maximum tangential (“arching’)
stress (o) and the almost unloaded radial stress
(or). For elastic isotropic materials and a
circular funnel, the theoretical maximum
tangential stress is three times the major
principal stress (o1) minus the minimum
principal stress {o7) acting in the same plane, at
right angles to the tunnel. At 1.000m depth we
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An approximate nonlinear modified Mohr-Coulomb shear strength
criterion with critical state for intact rocks
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ARTICLE INFO ABSTRACT

Artice history: In this paper. the Mohr-Coulomb shear strength criterion is modified by mobilising the chesion and
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1. Introduction envelopes in the t-o, plane are concave towards the normal

compressive stress axis, where  is the shear strength and g, is the

The traditional Mohr-Coulomb shear strength criterion con-

gt ly
the shear plane. It has been widely reported that the shear strength
of many rocks actually follows a nonlinear relationship with the
normal compressive stress, especially at extremely high confining
pressure (eg. Barton, 1976), and even at relatively low confining
pressure (e.g. Mogi, 1974), if the rock is weak. The shear strength
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normal stress on the shear plane. Many nonlinear shear strength
criteria exist in the literature, including the Barton criterion
(Barton, 1976, 2013) and Hoek-Brown criterion (Hoek and Brown,
19804, b, Hoek and Brown 1988). Barton (2013) summarised the
nonlinear shear strengths for intact rocks, fractured rocks, jointed
rocks and rockfills.
Mogi( iled ly of i

for rocks from a variety of sources. F.,-, 1 (from Barton (1976)) re-
produces Mogi's test data for dry carbonate rocks and shows the
variation of shear strength with the confining pressure. It can be
seen that for most rock samples, the increase in the shear strength
reduces and becomes negligibly small beyond a certain confining

under the CCBY.
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1. Introduction

The writer’s first experience of (ambient temperature) over-closure of rough fractures was during Ph.D.
studies at Imperial College, fifty years ago, when model rock slopes (in 40,000 block tension-fracture
models) excavated in ‘green-field” situations would not fail at the expected slope angles. Conventional
1.1, and over-closed 4:1 and 8:1 direct shear tests (with a prior normal stress higher than in the following
DST of the same rough fractures) showed successively steeper shear strength envelopes [1].

Subsequently, while at NGI, a four-cavern 20,000 bl

locks model, also pre UDEC, demonstrated over-

closure / hysteresis since deformation was not reversed in pillars when successive caverns were
excavated. [2]. The rough fracture sets were exhibiting some tensile strength and higher shear strength
due to prior-to-excavation higher normal “tectonic’ ox > o~ boundary stresses. (see Fig. 1).

——— e yyyye
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Figure 1. Caverns excavated in chronologic order 1 through 4, showing hysteresis (no reversal of deformation

vectors) due to over-closure of the rough fractures, which
Rough joints in igneous and metamorphic rocks can

were under higher normal stress prior to excavation.

over-close even due to temperature increase alone,

due to better fit, as conditions closer to their formation temperature are reached. Mineral-constituent
thermal expansion coefficients are to blame. As a result, the rock mass deformation moduli, the mass
thermal expansion coefficients, seismic velocities (each likely to be anisotropic). and the physical and
hydraulic apertures of individual joint sets may each be affected. The initial cause is lowered normal
stiffness of the roughest set of joints due to the thermal over-closure. An important side-effect: direct
shear strength is increased due to the reduced physical apertures.
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Barton-Bandis Criterion

Nick Barton
Nick barton & Associates, Oslo, Norway

Definition

A series of rock-joint behavior routines which, briefly stated,
allow the shear strength and normal stiffness of rock joints
to be estimated, graphed, and numerically modelled, for
instance, in the computer code UDEC-BB. Coupled behavior
with deformation and changes in conductivity is also included
(Barton 2016).

A key aspect of the criterion is the quantitative character-
ization of the joint, joints, or joint sets in question, in order to
provide three simple items of input data. These concern the
Jjoint-surface roughness (JRC: joint hnes fficient),

As well as peak and residual shear strength envelopes for
laboratory-scale joint samples, Barton’s cooperation with
Bandis (from 1978) resulted in corrections (reductions) of
JRC and JCS to allow for the scale effect and reduced strength
as rock-block size is increased (Banton and Bandis 1982).
The laboratory-scale parameters, written as JRCy and JCS,
for laboratory-size samples of length Lo (typically
50-250 mm), are written as JRC,, and JCS, for in situ rock
block lengths of L, (typically 250-2500 mm, or even larger in
massive rock).

Bandis is also responsible for utilizing JRC and JCS in
empirical equations to describe normal closure and normal
stiffness. Normal stiffness (Kn) has units of MPa/mm and
might range from 20 to 200 MPa/mm. The Barton-Bandis
(B-B) criterion includes the related modelling of physical
Jjoint aperture E (typically varying from 1 mm down to
50 pm, or 0.05 mm) as a result of the normal loading
(or unloading). B-B also includes the theoretically equivalent

the joint-wall compressive strength (JCS: joint compressive
strength), and an empirically derived estimate of the residual
friction angle (g,). These three parameters have typical
ranges of values from: JRC = 0 to 20 (smooth-planar to
very rough-undulating), JCS = 10 to 200 MPa (weak-
weathered to strong, unweathered) and ¢, = 20° to 35°
(strongly weathered to fresh-unweathered). Each of these
parameters can be obtained from simple, inexpensive index
tests or can be estimated by those with expenience.

The three parameters JRC, JCS, and @, form the basis of
the nonlinear peak shear-strength equation of Barton (1973)
and Barton and Choubey (1977). This is a curved shear
strength envelope without cohesion (c). It will be d

smooth-wall hyvdraulic aperture e (typically 1 mm down to
5 pm, or 0.005 mm). Usually E > e, and the two are empir-
ically inter-related, using the small-scale joint roughness
IRC,.

Finally the stiffness in the direction of shearing has also to
be addressed. It is called peak shear stiffness (Ks). It has
typical values of 0.1 MPa to 10 MPa/mm, i.c., 1/10th to
1/100th of normal stiffness. The concept of mobilized rough-
ness (JRC,popigines) developed by Barton (1982) allows both
the peak shear-stiffness and the peak dilation angle (giving an
effective aperture increase with shearing) to be caleulated.
The full suite of Barton-Bandis joint behavior figures includes
shear lispl dilation, siress-closure, and the

to the linear Mohr-Coulomb “¢ and ¢ (with apparent cohe-
sion) criterion later. To be strictly correct the original Barton
equation utilized the basic friction angle @ of flat,
unweathered rock surfaces (in 1973), while @, was substituted
for @y following 130 direct shear tests on fresh and partly
weathered rock joints (in 1977).

© Springer Intemational Publishing AG 2018
PT. . B. Marker (eds.), Encyclopedia of Engineering Geology,
hitps:fidoi.argf10.1007/978-3-319-12127-7_25-1
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change of estimated conductivity in each case. Examples of
these will be given, following diagrams illustrating joint
index testing (Figs. 1, 2, 3, 4, 5, 6, 7, and 8) (Barton and
Bandis 2017).
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List of Symbols
Apparent cohesion (MPa)
q, Apparent cohesion when g, =0 (MFa)
¢ Derivative of ¢ with respect to 4,
m Material parameter in Hock—Brown critcrion
&, Major principal stress (MFPa)
&, Minar principal stress (MPa)
Unigxial compressive strength (MPa)
. Normal stress on potential shearing plane (MPa)
&, Uniaxial tensile strength (MPa)
¢  Apparent internal friction angle
sy  Apparent internal friction angle when g, =0

@' Derivative of  with respect to &,

¢* Inclination angle of the tangent slope of the strength
envelope

1 Introduction

It is well-known that the dependence of shear strength of
rocks on the normal stress acting on the potential shear
plane is nonlinear, and that rocks are weaker than pre-
dicted by the traditional linear Coulomb shear strength
criterion, especially when the normal stress is
are many nonlinear shear strength criteria in the I
such as the Barton criterion (Barton 1976, 2006,
Hock-Brown criterion (Hock and Brown 19804,
Barton (2013) presented a summary of the nonlincar shear
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strengths for intact rocks, fractured rocks, jointed rocks and
rockfills. As with most of these laboratory-tested geologic
media, shear strength emvelopes in the r—, plane are convex
in relation to the normal compression stress axis, where ¢
is the shear strength and g, is the normal stress on the shear
plane.

Based on many high-pressure triaxial experiments in
the literature, including Mogi (1966) and Byerlee (196K),
Barton {1976) proposed a critical state concept for rocks.
Al the critical state, the tangent of the shear strength enve-
lope approaches horizontal in the t—s, plane (Barton 2006,
2013). For confining pressure greater than the critical value,
which is close to the unconfined compressive strength, the
shear strength will not increase anymore. The value of peak
shear sirength is half of the normal compressive stress. The
proposed non-linearity and reasons for such opinions are
indicated n Fig. 1.

Singh et al. (2011) incorporated the critical state concept
into a modified triaxial srength criterion for intact rocks
expressed in a relation of ay—a; and a; and. with a large
set of data, showed that the eritical confining pressure is
approximately equal to the UCS, which agrees with Barton's
suggestion from 1976. Recently, Shen et al. {2018) further
investigated the critical state concept for rocks and proposed
a simple modified nonlinear shear strength criterion, which
is of the classical Coulomb criterion form. but with the cohe-
sion and internal frictional angle depending on the normal
stress. It covers both compression and tensile regimes of
failure. In this technical note, we first show graphs of the
nonlinear shear strength using four sets of parameters,
and then develop an approximate conversion of the shear
strength criterion proposed by Shen et al. (2018) into one in
terms of &, ~ ;. It is noted that the critical state concept for
rock failure has also been employed by others, for example,
Carroll (1991) and Baud ct al. (2006), as reviewed by Wong
and Baud (2012}, with a different form from the onc we
proposed
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[The Q-Slope Method for Rock Slope Engineering in Faulted Rocks and Fault Zones
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1 INTRODUCTION

The Q-system for characterizing rock exposures and drill-core, and for estimating single-shell support and reinforcement needs in
tunnels, caverns and mine roadways has been widely used by engineering geologists and mining engineers (Barton et al. 1974). In the
last ten years, a modified Q-system called Q-slope was tested by the authors (Barton & Bar, 2015; Bar & Barton, 2017), for
application in road cuttings, motorway cuttings, and in open cast mines. The purpose of Q-slope is 1o allow engineering geologists,
rock engineers and mining engineers to rapidly assess the stability of excavated rock slopes in the field, and make optimal adjustments
to slope angles as rock mass conditions become visible during construction of the road cuts or benches. Trials at several civil
engineering and mining projects in Asia, Australia, Central America and Europe have shown that a simple correlation exists between
Q-slope values and the long-term stable and unsupported slope angles. The new method includes Ir/Ja ratios for both sides of potential
wedges, using relative orientation weightings. Slope-relevant strength reduction factors (SRF) are also applied. This paper focuses on
the application of Q-slope when dealing slopes with major discontinuities, faulted rocks or fault zones

2 METHODOLOGY

The relationship between Q-slope and long-term stable slope angles is now supported through over 500 case studies. This paper
investigates exasting and additional case studies pertaining to major discontinuities, faulted rocks and fault zones in which complex
failure mechanisms can be expected. In these cases, the significance of SRFc¢ (strength reduction factor) for major discontinuities
becomes apparent.

3 RESULTS AND CONCLUSION

The case studies presented in this paper help to illustrate the ease and logic of applying Q-slope to rock slope engineering problems in
the field. as geological and geotechnical conditions become apparent with the progression of excavations. The ability to rapidly assess
and act on deviations from expected ground conditions in faulted rocks and fault zones makes Q-slope a powerful tool for engineering
geologists and rock engineers in the field.

Notwithstanding the above, it is not our intention to promote Q-slope as a replacement for more detailed and rigorous slope
stability analysis in situations where these are warranted or when time permits

KEYWORDS: Q-slope, Q-system, rock slopes, slope stability, empirical method.
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Highest Mountains Suggest Strong Curvature of Shear Strength
Envelopes for Rock

Mahendra Singh
Department gf Cnil Engineering, 1T Roorkas, Roovkes, INDIA

Nick Barton
NBded, Oslo, Norway

ABSTRACT: The apparent & to Yan height lmit of mountains will be addressed using entical
state shear strength arguments, since confined Dnn:‘)\resslun strength 15 too lngh to explan these
‘limited” heights. Modified Mohr Coulomb critena have been denved based on critical state
mechanics for rocks. These critenia are utilised to obtain estimates of maxinmm shear strenzth
which actually is more likely to govern the haight limat of mountams.

1 INTRODUCTION

There are fifteen mountams m the world with heights m the ranfied range of 8 to Ykm. The
highest is Everest at approximately 8,848m. An extract from a Wildpedia photegraph is shewn
in Fizure 1. Smee we are concemed with the wltmate strength of rock one can poss the
question: why are the highest mountams no higher than 9%km?” Have mountains ever been igher
than this during the sarth's history? Since plate tectonics have been at work for a 'erjr].mg time,
and contrary glacial processes also, onc can perhaps assume that the extensive cm'plnl:.a.l
cvidence” that we sec today is also a reflection of what has been in the recent and distant past.
The strength of rock has litile reason to have changed sither, although it could be higher ‘today*
if the geothermal gradient had declined sizmficantly.

In a well-knewn article written by Terzaghi {1962) near the end of his carcer: *Stability af
steep slopes on hard wnweathered rock’, a simple formulation of crtical slope height was
suggested: H = gfy, where the uniaxial iln:ngm of rock and the vertical stress caused by its
density are c:ompﬁ.red The assumed ~ertical stress 15 estimated to be ‘(H {or yH00 if using
familiar MPa units as in rock machanics). One can also use units Kh/m® and kN/m? for the rock
strength and density. Concerning the haight of steep slopes, as opposed to mountains, Ter=zaghy
suzgested that the reason this formmla over-predicted heights must be due to the presence of
Jointing. In fact, an explanation of chiff and mountam-wall heights has recently been developed
as H=mv'yv, mrolving the tensile strength of mtact rock, density, and Poisson’s ratio.

The even simpler ‘Terzaghi® fornmla or its equivalent has been observed in use in internet
‘chat sites’ {*What rock strength is the highest mountamn lmited by7). The UCS/density formula
(unfortmately) appears to produce a “realistic’ height for the highest mountains, when using the
umaxial strength of strong rocks such as 250MPa. Hoveever, at 9kan depth, the rock mechanics
reality concerning compression sirength will be the 2 to 3 times hgher polyaxally confinmed
compression strength, and we do not accept 20-25kan high mountains as bemg possible on earth,
with our strong gravity. We need another explanation for the height “limit” of apparently, about
Skm.

Formation of high mountams due te colliding of plates in tectonically active region can be
explained as shown in Fig. 2 (Wedomsa, 1997). It was suggested that due to tectonic forces the
lower plate bends dowmwards and releases honzental tectonic stress. The homzontal stress
becomes minor principal stress near the thrust. There is subsidence and normal faulting m the
lower plate. The upper plate bends uprards and introduces compression and higher tectonic
stress. The horizontal stress becomes major principal siress. This reglon expeniences contmuous
uplifing in the form of mountams. The boundary of eolliding plates experiances thrust faulting.
The bottom part of the upper plate also bends upwards, due to which tangential stresses are
released. Decrease in confining stress results in reduction of melting temperature of the rock and
the rock melts. This molten rock may come out in the form of volcances.
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Chapter 18
Rock Mass Classification of Chalk Marl
in the UK Channel Tunnels Using Q0

Nick Barton and Colin Warren

18.1 Introduction

The Channel Tunnel was driven in chalk marl with the prior expectation by the
designers of quite ideal tunnelling conditions on the UK side. This expectation was
pantly the result of little emphasis on the implications of joint structure. As a result
of the difficulties and initial delays caused by overbreak in some of the UK sub-sea
TBM drives, the first author was requested to assess the rock quality in existing tun-
nels in chalk marl. The work was performed during 1990 and 1991 under contract
to GeoEngineering who were conducting a major review for Eurotunnel. The assess-
ment was made using the (-system of rock mass classification (Barton et al. 1974)
which was also being used by TransManche Link (TML) in the Marine Service and
Running Tunnels. The first author’s classification of the grey chalk at Shakespeare
Cliffs and of the chalk marl in the Beaumont and Terlingham Tunnels was per-
formed prior to any data being provided on conditions in the Marine Service Tunnel
(MST) or in the Marine Running Tunnel (MRT). The FB series of core logs and
photographs for marine drill core PB1 to PBR was also classified without prior
knowledge of MST or MRT conditions. The extensive MST and MTR @-logging by
TML was subsequently made available by the second author of this paper, who was
Eurotunnel's chief geologist. The comparison of multiple parties’ (0-logging was
satisfactorily close.

M. Barton (=)

Nick Barton & Associates — Formerly Norwegian Geotechnical Institute, Oslo, Norway
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Warren Geotechnical Associates, Surrey, UK = formerly Sir William Halerow and Partners,
London, UK

2019




RESEARCH GATE (WA 2019:

Has biased demic and hidden basic problems of description and
maodelling of rock masses in the last several decades?

In 2003 the writer posed some questions for the ISRM jeurnal editor. Many seem in need of repeating. A different
format and some additions will be tried here.

1. Why can we monitor the progressive failure of slopes, and pillars, and over-stressed volumes underground?
2. Is it becsuse the strength of rock masses is described by linear Mohr-Coulomb or non-linear Hoek-BroanGSI?

3. Do such models of “c plus sigma n tan phi’ (linear or non-linear) realistically describe where shear failure is
occurring around an over-stressed opening (e.g. the classic URL mine-by)?

4. Is the development of G5 ('to replace RMR’) the first time we can inspect rock masses? (Recent Canadian
university authors - clearly with journal reviewer's and co-author acceptance - described G5 as follows: “After
decades of relying on empiical classfication systems to assess reckmass quality and ground support preseriptions. a
rockmass characterization system that depends on direct ical fisld ions was created: the

Strength Index GSI°).

5. Do we / did we perform 'direct geclogical field observation’ when using the Q-system and RMR {in the last 45
years)?

6. Is GSI more "geclogical’ or ‘observational’ than RMR or Q7

7. Do any other serious scientific professions combine picture recognition and multiple opague equations to estimate
their key parameters?

8. What happens to the H-B c, g. " strength, and
this had clay filling?

1 modulus if there was one more joint set and

8. We can monitor the progressive failure of over-stressed slopes, pillars, mine-volumes because rock masses do not
fail by exceeding the addition of cohesional and frictional strength.

10. We can model where shear failure is accurring by nof adding cahesion and friction, but rather by degrading
cohesian and mobilizing frictional strength, up to peak and down towards residusl.

11. Rock masses reach ultimate failure afier exceeding the strength of {maybe) four components, each mobilised at
different shear strains or displacements.

12. The components are (probably but not ahways) failure of intact rock (clearly includes stock-work and welded veins:
they reduce the representative UCS), shearing of the new fraciures, shearing of appropriately oriented joints, and
maybe shearing of the lower resistance filled discontinuities (which often form one side of a large instability).

13. if one was able to be present without getting killed it might be heard as CCSS: crack, crunch, scrape, swoosh.
{One may smile, but this is sericusly meant)

14. It is more than 50 yesrs since Miller, 1088 (and Rocha) regretted that we did not know how to formulste the shear
strength of rock masses. Miller suggested, as here, and as done by seversl colleagues in the last two decades, that
after cohesion was broken friction remained. The defarmation resistance of the matenial bridges takes effect af much
amaller deformations than the joint friction: thiz joint friction makes partly up for loat strength .

15. Ve should not be adding ¢ and o. tan @.

16. Recently the writer has demonstrated that cliffs or mountain walls in massive rock do not have heights limited by
Coulomb (c and ). These parameters over-estimate heights by factors of 3 to 6 times (lower and upper-bound soil-
based solutions for vertical cuts). But tensile strength, Poisson's ratio (and density) give correct results — from 10m to
1.000m.

Apparently Lecnardo da Vinci {1452-1518) once gave advice that was distinctly helpful to one starting outin a
relalively undeveloped field: 'If you find from your own experience that something is a fact and it coniradicts what
some authority has written, then you must abandon the authority and base your reasoning on your own findings’. Let's
start over and make progress in the next 50 years.
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UNMDERGROUND MUCLEAR POWER PLANTS CONSIDERING ROCK
ENGIMEERING PRECEDENT

By Mick Barton

ABSTRACT

‘Warious rock engineering developments over the last decades have made the use of
very large engineered rock caverns feasible as a method for developing underground
nuclear power plants. Early site investigations in Norway in 1971 for potential UNPP,
were followed by pre-UDEC physical models in 1978 and 1977 with tens of
thousands of blocks formed by joint-simulating sets of intersecting tension fractures.
The objective was the simulation of 50m spans in jeinted rock. This was followed a
decade |ater by Norwegian construction of the 62m span cavemn for the winter
Olympics in 1994. The Gjavik cavern measures 62 x 24 x 90m and was constructed
in 7 months. It is supported with systematic rock bolts and just 10cm of fiber-
reinforced shotcrete. This cavern, despite its moderate rock quality Q from 2 to 30,
RQD from 60 to 90, remains by far the largest engineered span for public use.
However, the large span iz dwarfed in another direction by the 80 to 90 m heights of
a very few of the world's hydropower cavemns. These are all located in China.
Underground siting of nuclear power plants of a variety of potential sizes, presents
obvious safety enhancement in relation to the earthquake, terrorist, and tsunami risks
of surface plants. Rock engineering is clearly not one of the limitations for UNPP.

Keywords: cavems, rock quality, deformation, numerical medelling, nuclear power,
INTRODUCTION

By chance the author's first on-site job in a 30 years career was related to the
planned underground siting of a full-scale nuclear power plant. This job was assigned
a few months after arriving in Morway to work in the Norwegian Geotechnical Institute
{NGI, Oslc). The year was 1971, and the first potential site identified by the
Morwegian State Power Board (today called Statkraft) was at Brenntangen, in good
quality gneiss, on the east side of the Oslo flord. Some of the field testing performed
was described by Di Biagio and Myrvoll, 1972 and more briefly by Barton, 1872, in an
international conference in Stuttgart: Percolation through Fissured Rock. Norway
already had two small underground research plants in Kjeller, and in Halden. These
had been uzed in European reactor research and in medical research studies. They
have since been decommissioned after approximately 60 years of operation.

The first task at Brenntangen was to exiract details from berehole permeability
measurements in an inclined hole that was part of the initial site characterization of
this potential location. This was followed by other investigations, including tracer
tests. The hepe was to find less jointing and lower permeability as depth increased,
which weould help with decisions of how deep to site the largest caverns, including the
need for a S0m span reactor cavern, if this site option was to be chosen.
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Deep Tunnels, Cliffs, Mountain Walls and Mountains: An
Exploration of Failure Modes in Rock and Rock masses

Nick BARTON*

Abstract

In relation to soil, rock is usually extremely strong, with a compression strength that will
seldom be mobilized, even in deep tunnels. Intact rock may also have cohesion that is so
high that it makes mountain avalanches rare events. Frictional strength tends to be high as
well, due to the big contribution of dilation unless the rock has high porosity. The weakest
link of the intact rock is of course it's tensile strength. It is realized now that Poisson's ratio
also plays a major role in failure, as even rock under 3D compression can fail in tension due
to the mechanism of extensional strain in the direction of a free surface. This is an impartant
morphological property. Maturally if the rock is jointed. there are usually massive changes in
strength and stability and slope height. in relation to slopes in intact rock. Failure may be
progressive in nature. invelving several components. In this paper all these aspects will be
explored utilizing deep tunnels. and then the maximum heights of cliffs and mountain walls.
The apparent 8 to gkm height limit of mountains will also be addressed using critical state
shear strength arguments, since confined compression strength is too high.

Keywords: Extensional strain, shear strength criteria, deep tunnels, mountain walls,
mountain heights

Saietak

U odnosu na tlo, stijene su uobicajeno iznimno velike cvrstoce, s tlaénom curstocom koja se
rjetko dostize, éak i u dubokim tunelima. Intaktna stijena takoder moZe imati | koheziju koja je
toliko visoka da se planinske lavine dogadaiju rijetko. | trenje teZi visokim vrijednostima zbog
velikog doprinosa dilatancije, osim u sluéaju stijena visoke poroznosti. Majslabila karika
intaktne stijene je, naravno, njezina vlaéna évrstocéa. Prema novijim saznanjima, i Poissonov
omijer ima vaznu ulogu u pojavi loma, jer se éak i u stijeni u uvjetima 3D kompresije moZe
dogoditi vlaéni lom uslijed mehanizma razvoja vlaénih deformaciia u smjeru slobodne
povrdine. To je vaZzno morfolodke svojstve. Naravno, ako su u stijeni prisutni diskentinuiteti,
uglavnom postoje znatne promjene évrstoce, stabilnosti | visine padine u odnosu na padine
u intaktngj stijeni. Lom po prirodi moZe biti progresivan, ukljuéujudi nekolike komponenti. U
ovom radu de se istraZiti svi ovi aspekdi koristeci duboke tunele, a potom i najvede visine
klifova i litica. Oéigledno ograniéenje visine planine na 8 deo g km takeder ée se obrazloZiti
koristedi argumente kritiénog stanja posmicne évrstode, bududi da je tlaéna éwrstoéa u
uvjetima sprijeéenog girenja previsoka.

Kljuéne rijeé: Vlaéna relativna deformacija, kriterij posmiéne évrstoce, duboki tuneli,

litice, visine planina

LNB&A, Oslo, Norway, nickrbartong@hotmailcom
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Understanding the need for pre-injection from permeability
measurements: What is the connection?

Nick Barton**, Eda Quadros"®
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ARTICLE INFO ABSTRACT
Trticke Bmory: Pregrouting ahead of tunnels has three main functians: to cantral water inflaw inta the funnel to bmit
Received 7 August 2018 gmmmmummmm tunnel, and to make tunnelling progress more predictable since rock
Rceived in revised foms P .
5 Bacamber 205 deposits beneath buili-up areas, since taws tend 1a be built w)ia\e terrain is more flat, due to the day
e e aeember 1018 depusits. - ‘needs tatake note af the
need for highepr ing. to e g The use of bighe
— pressuse injection may cause joint jacking, But this is Iocal in extent when the rapid pressure decsy
Kepords: away from an injection hole is understood. This efict is variable and depends an the geometrical pa-
Micro-cement rameters of the joints This d d high pressure
Hydranlic apemures ‘when grout flow from the injection hale has ceased The Litter can cause damage to the grouting already
Physical joint apertures achieved. Simplified meihods af estimating mean mmux apertures (e} fram Lugeon tesiing are
Jaint rousghiness described, and from mere (30} The estie
Farticle e ‘mation of the Larger mean physical joint apertures (€] is based oa the joint raughness mefficent ().
Aniuopic permeabiliy Comparison is then made with the empirical aperturesparticle size criterian £ 3 ddss, where das repe

resents almast the largest cement particle size. Depending on joint set orientations and on the available
micro-cements, the decisian must be made af which range af pee-injection pressure sbauld be simed or,
af th

using ratio wic. More af alsn
with depih can be made with piricallink becween a modified rock mazs quality @
and permeabilty, which s fermed than The value of this parameter can be based on mle-hggmgmm-
sannel face lngging. The 30 b grouting have been uzed to
justfy the frock maxs quality and th increases
in expected modulus, for application in dam foundtion treatment and
s manit

toeing.
© 2019 Institute of Kock and Soil Mechanics. Chinese Academy of Sciences. Production and hosting by
Elsevier BV. This is an open access article under the CC BY-NC-ND license (hiip:)jcreativecoemnmons.org)

licenses|by<ncendf4y}.

1. Introduction In this paper, the writers have u:hmuny m]:med intereste. By

ways

As is well known to all working in rock mechanics, the behaviour of improving the pmperm o(m:k masses wh:n ﬂlzngﬂ\ perme-

ol rock masses, whether sheas strength or deformability or the shear  ability and deform.abdi idered 1o be i for

strength and permeability of the component rock joints, hus beena  probilem-lree rlnll-and-bl.lsl and tunnel bt‘nng machine (TEM)

life-lang interest and pre-occupation of Professor Ted Brown, in be- tunnelling, and presently inadequate for the desired range of prop-

twseen his remarkably active atademic and professional career, and  erlies in dam foundations. where relative._impermeailization

his strany i in mining and dam jhat lowered Lugean values), increased modulus, reduced
‘pressuses, and stable abutments are the principal goals.

With a long-standing rube for injection pressuse gradients of

* Comesponding auther. apprasimately 0.23 barjm depth {1 bar = 0L MPa) for dam foun-

E-mail address: nicksbaston@hos mail oo [N, Barto dation grouting in the USA, but wsually higher elsewhere (Quadios

L
Pees reviow undes sespansility of Instrute of Rock and Soil Mechanics, Chi- ard Abrahio, 2008), it is clear that there will be reactions when
nese Academy of Sciences.
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Q-Slope addressing ice wedging and freeze-thaw
effects in Arctic and Alpine environments

N. Bar
Gecko Geotechmics Pry Lid, Perth, Australia
nerl@geckogeotech. com

N. Barton

Nick Barien & Associares, Oslo, Novway

Abstract

Q-slope is an empirical rock slope engineering method for assessing the stability of excavated rock
slopes 1n the field. Intended for use in remnforcement-free road or railway cuttings or in open cast
mines, Q-slope allows rock engmeers to make potential adjustments to slope angles as rock mass
conditions become apparent during excavation.

Q-slope was developed over the last decade by modifying some of the Q-parameters so that rock-
cuttings and bench faces could be characterized. Drill core and seismic velocity can still be used as
supportive mput. The original Q-value has traditionally been used for estimating single-shell support
and reinforcement needs m tunnels, caverns and mine roadways and access ramps. A simple
correlation between Q-slope and long-term stable slopes was suggested five years ago. Through over
500 additional case studies from Asia. Australia, the Americas and in Europe, Q-slope has been

confirmed as giving stable, maintenance-free rock-cuttings and bench-face slope angles of for instance

40-45°, 60-65° and 80-85° with respective Q-slope values of approximately 0.1, 1.0 and 10

Assessing rock slope stability in arctic and alpmne environments brings 1ts own challenges both during
the peak of winter when ice building in joints can result in wedging or jacking, and in the pre- and
post-winter seasons when cyclic freeze-thaw effects often degrade the quality of the rock mass.
Modelling such processes using numerical techniques is possible to some extent; however, it 1s
impractical as a routine application.

This paper discusses the use of the Q-slope method as a means of appraising rock slope stability in
environments susceptible to ice wedging and freeze-thaw effects.
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ESTIMATION OF SUPPORT REQUIREMENTS FOR UNDERGROUND EXCAVATIONS
ESTIMATION DES SOUTENMENTS NECESSAIRES POUR LES EXCAVATIONS SOUTERRAINES

al DES NOTIGEM PELSAUS! 1M HOHLRAMBAU

Kick Bartom, Ph. D.
Reidar Lien (Senior Engineer)
Johony Lunde (Senior Engineer)
Horwsgian Geotochnieal Institute
. 0. Box 40
Tdsen, Dslo B, Nerway

Bh analysis 6F seme 200 case records has revealed & useful correlation batween the amount and type of permanent
support and the rock mass quality @, With respect to excavation stability. The rock mass guality @ is a function
of 9ix parameters,each of which has a rating of importance,which can be ostimated from surface mapping and can
ba updatsd during The six are as follows: the RQD index,the number of joint
sets,the roughness of the weakest joints,the degree of alteration or Filling along the weakest joints,and two
further parameters which account for the rock load and water inflow. In combination these paraneters represent
the roek Dlock size,the interblock shear strength,and the active stross. Analysis of the rock mass quality and
corresponding support practice has shown that suitablé permanent Support can be estimated for the whole specerum
of rock qualities, Support measures include various cosbinations of shotcrete bolting,and cast concrete arches
together, with the appropriate bolt spacings and lengths,and the requisite thickness of shotcrete or concrete.

Une anslyse de demnées provenant de quelque 200 cavitées creusfes 4 permis d'tablir une relation utile entre,
d'une part,l'envergure =t e type de soutZnsments =t d'autre part,la qualité D des passes vocheuses,en ce gui
concerne la stabilité. La qualité ¢ de la roche est une fonotlon de six paramdtres dont chacun,dans des échelles
Gonnées, s'est wu attribuer un cosfficisnt pondéré déterming qu'on peut estimer on se basant sur des obasrvations
faites en travaillant & ciel cuvert et qul pourrs Btre ajustd et mis & jour au cours de 1'avancement des travaux,
Ces paramdtres sont:l'indice RgD,le neubre de systdnmes de fissuration,ls rugosité{celle du plus faible plan de
eisauration) e deged d'altération (caractéristigues de ce Aont lac Fissures Sont remplies),et,en outre,deus
parandtres qui, tiennent compts du nivesu da tension et de 1'afflux d'eau. Dans leur ensamble,ces paramitres
roprésontent Ilafluence qu'exsroent la grandeur des pierres,la résistance au cisalllement existant sur les
surfaces de contact entre les pierres,et les tensions actives. Des analyses de la qualité,accompagnie d'uns
prise en considération de la pratique de seutinement URilisée,ont permis de Admontrer qu'il est pesaible
d'estiner un soutdnement appropril pour toute la variftf de qualitds de roche. |Les assures de sur=t!  snglabent
différentes combinaisons de bfton projeté,de boulomnage et d'arcs en bt da

da la distance approprife entre boulonms,de la longueur de ces derniers ot de l'!paxss:‘ux a xespe:bex tant pour
le baton projeté que pour le béton coulé.

Eine Untersuchung von Daten aus etwa 200 fartiggestellten Tunnelbauten ergah einen nutabaren Zusammenhang
zwischen Umfang und Typ des permanenten Verbaues und der Gebirgsqualitit g. Dic c_ar.uq:quaht‘at g ist sine
Funktion von sechs dieaus Oberfl und nach skalierts Leitz-
iffern arwerfet werdenDle Werte k¥nnen wihrend des Bauvortriebes justiert werden. Die Eecllﬁ Parameter sind:
RgD-Leitziffer,Anzanl der Kluftsystema,Rauhigkeit (fir schuichste oder unginstigste Spaltsbene),Umuandlungsgrad
(Charakear der Risss oder PUllung langs der schwfichsten Spalten) und das weitersn ruel Paranoter,dei Spannungs-

nlvesu und luss berfcksichtl Wenn man diesa dniact, vartoeten sis den Finfluas dax
¥rnung, der Sch igkeit an den Anschlussflichen swischen den Pelsblicken und der

Analysen der Gabi Litit und der haben erviesen,dass es miglich ist,
einen angemessenen Ausbau firs ganze Spektrum der Gebi LitAE zu ver Die Sicher

umfagsen verschiedens Xombimationen von Nigeln, Ankers, Spritzbeton und an.:numngemnm sowie auch Angaben
@ber Ankerabstindé und erforderliche Stirke des Spritz- oder Gussbeton:

TNTRODUCTION Estinates of support are required at three stages in

& project: for the feaaibility studies,for the detai-
1ed planning,and finally during excavaticn itself,
In view of the economic importance of suppert costs
it is vital that the support estimates are as accur-

Two important factors for the stability of underground
excayations are thelr location and orientation relat-
ive to unfavourable geslegical conditions. Both fact-
ers are weighed to minimize difficult rock conditioms
for the case of large span openings of limited length.
However there Ls little Opportunity to choose the ori= investigations,and

- vesti nd partly on the success of extrapol-
entation of tunnels,and generally only the location ating past experiences of support performance to new
can be changed significantly.The amount of Support rock mass amvironments
Fequired will be strongly dupendent on orientation if Whon beginning this work of support estimation a lit-
poor Tock conditions are encountered, erature survey directod towards related exeavations
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ate as possible for all threa stages. The accuracy
will depend partly on the success of the geclogical
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GENERAL DISCUSSION—3

perfectly horizontal. This does not happen when the Panek
direction of the vertical prihcipal stress is
parallel to the axis of the borehole. In The deslgn of a tuwel lning 1s grest]]
‘borehole in the fisld, a 300 , for dependent on the assumptions that one 1s forced f|
example, you may run scmething like 6 tests to get a use, both with respect to the characteristics
good value of the stresses. Now, if the results of some and with respect to i
the Lmpressions are such that the fractures are characteristics of the rock that one envisions tf
always within a wvery amall range of directions, have supported. Hmh of the confusion with lire|
let's say within plus or minus 20° or 8o, as design 1s by designers having
heppenad the case8 cited 1n the paper, we feel preconceived idea of mmwamrmn
very strongly that this is a vertical fracture that going to use. The load that is brought on the ling
represents  vertical and horfzontal prineipal in a large measure 1s caused by the limer itself
stresses, not just the rock. So we made an attespt to fir|
cut, free of any a pricri choice of liner desig|

In the case of Helms Oreek Power House In what one might be able to do In the way cf
California we were required to run tests In an Irmovative tunnel support by simply asking
inclined hole in addition to the tests ﬂ.nmﬁ question, what Jdnd of distribution of pressu|
vertical hole. The tests in an inclined hole at 30 against the wall 1s required to prevent the mog|
to the vertical confimmed, as is stated in the girple idnd of failure? Thies situation we considel
paper, that one of the principal stresses was to be well represented by the triaxial test ¢t
parallel to the vertical borehole axis. I can also determine Mohr's envelope.
report thal Mamcs Selentific
have oconducted probably the most elaborate type of

turing

geothermal energy project. They were ahle, &t &
depth of, T think, 6,000 ft. below surface, SESSTON 3 - (ENERAL TTSCUSSION
determine that, although the direction of the well
&t that depth was some ke U off the
vertical, the direction of the hydraulic fracture Suestion by Oerdeen (for Barton, Lien and Lunde)

was perfectly vertical.
The authors are to be congratulated on a ver|
Lindner interesting and potentially useful paper,

First off, I'd like to thank Mr. Pacher for his Our work has been mainly with roof bolting er|

comments; we sappreclate them. I would llke to add a so my question deals with this method of support|
few points., Exploration is penerally performed in Would you explain the difference between

stages. However, iIn each stage, even in the final wamllinmleﬁmrethemmwinmml’t
stage, there {s woertainty. There is uncertainty block size are the same, but where different type
in the inowledge of the geology below the surface. orbnleingmmnmmndmﬂngan to me, o

tensloned mechanical bolts over untenslone
ywtsrl belts for larger spans. The questlon |

time of the profect, in the manpower and equipment

how they will perform in that environment. With why? Are there not cases where tensloning may caus|
& computer model, with the tumnel cost model that we additional damage? msvmmmnwmnm
have developed, we can evaluate theae incertainties to flat horizontal roofs or only to arches?
to come up with & time-cost spread for the project.

1 t_spread ely 11 the Feply by Barton

uncertainty. In other words, the project time has a

Tange, and the profect cost has a range. You can The two suport categories referred to in Ml
muﬂbmamiﬁcmnmmng b of our Gerdeen's comments were categorles 10 end 11, &r|
paper. Explorsticn has the purpose of reducing the you can see from Fig. 3 that between these
imeertainty in your time-cost projection. categories there 1s no change in the rock quality
The rock ty renges from 50-100 in each case|
However, in using exploration tools  and That's pretty good rock. Some people would say 1t
performing  exploration, there 1s additional the best rock you ever get, but that's not o
uneert: . Even the we get directly out Seandinavian . S we've Just got
of a borehcle 18 cpen to questicn. This will again difference In span and/or In the wuse of i
generate a degree of uncertalnty about ouwr lnowledge excavation. You can say the EST (excavation suppot|
of what 1is down there. The method propesed in our ratio) which describes the type of excavation meke|
paper uses comnem  probabilistic  techniques, I the effective span for categpry 10 less than thel
erphasize the word ‘common', to amalyze these for eategory 11.
neertainties, uaj.m; both statistieal input end sub-
jeuulve input from grologist on the job, because am in full agreement with your point on &l
whaaaben.srmeun;or what 1s down spplic&timufbamlmbultanoppmed to . groute|
r.lnm from his total experlence with the site than bolts. If this paper were expressing purely th
the bare data retrieved hmsmmwﬁaoleew opinion of we three authors in NOI, we would have,
tell us. The oomputer method glves you think, in most cases have recomended just groutel
quantitative assessment of what 1= down there. b bolts. We have analysed approximately 200 cag
can show you, and this perhaps 1s the major point of records, or 200 usable case records, from which i
the paper, how to corpare the cost of exploration appears that the general practice of same years agrl
with the in the ti t for S years ago let's say for an average constructic
the project. campletion, was the use of tensiu’)ed bolte in thee|
37

Feedback from: Nick Barton, Independent Consultant

Dear Tuane/Talk,

It is always interesting to read of tunnel failures, from which we all
learn. I have two points in response.

In his interesting and well-illustrated review, Brox has suggested using
"other than rock mass classification methods” for application of final
support and linings. There is nothing wrong with this suggestion except
that it ignores the contribution of such methods to thousands of
kilometres of hydropower tunnels and considerable cost savings for
owners. If mistakes are made in application of the methods due to
oversight, especially in the case of faulted rock, then lessons need to
be learned by those involved.

Incidentally the [tuango. case, the failure erosion cone is much larger
than described and is a special case of optimism in diverting water with
a peak velocity of up to 10m/sec around a remarkably tight bend, both
of which are entirely different to the typical 1.5-2.5 m/sec velocities in
the case of hydropower tunnels. Design for velocities of 1.5-2.5 m/sec
have been and are the basis of Q-system case records. With Eda
Quadros, I have prepared a paper for Eurnck, 2020 titled Some
lessons from single-shell Q-supported headrace and pressure
tunnels that may not now be presented due to Covid-19
postponements but may become available in published proceedings of
Eurock 2020 planned for 15-19 June 2020 in Trondheim, Norway.

Secondly, Brox recommends independent checking of waterway tunnel
designs. I agree that this could, in principle, be valuable. I have
reservations however based on what is available outside of the use of
more careful rock mass characterization and use of empirical methods,
like the Q-system which probably has the most relevant database. It
should not be forgotten that there are thousands of kilometres of such
waterways, and many hundreds (actually thousands) of economic
projects as a result of the single-shell type of support, which, as
pointed out by many, needs to consider the intended use of the tunnel.

As indicated above, if a water velocity, as in the case of a river
diversion, is chosen by a designer that is well outside the database (for
example 10m/sec as compared with a conventional 2m/sec velocity),
then one is asking for potential trouble, if the tunnel support, also of
the invert, is not dimensioned accordingly.
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A review of mechanical over-closure and thermal over-closure of rock joints:
Potential consequences for coupled medelling of nuclear waste disposal and | %5

Tunnef

Rock mechanics and nuclear waste disposal

Nick

HonnelTalk

TECH

09 Jul 2020

The study of rock mass behaviour and rock mass quality is essential in the site investigation and selection of suitable
geological hosts for underground nuclear waste disposal facilities. Nick Barton discusses the topi based on his

geothermal energy development career in rock mechanics and his engagement, with colleagues and geotechnical companses, in research and
Nick Barton characterization studies for planned nuclear waste repository siting in the USA, Canada, the UK and Sweden.
NBRA, Ocla, Noreay With & long rock mechanics background, there has been the opportunity to gain some detailed insight into various

intern:

invi

ed strong cry

tional nuclear waste related studies. These

have been studies with a geological disposal facility focus, and have

alline and strong volcanic rocks, and specifically with higher strength rocks with reference to the

ARTICLE INFO ABSTRACT
UK-studies reported by Marsh, Williams and Lawrence in the recent TunnelTalk focus on nuclear waste disposal
Kepwords: Raugh joints can, o3 pricr higher stress, i ‘There is better fit f . e
e g il causing increased riction and evea tesiile 5. Welkcontrolied bbocatory HTM Personal involvement in studies started in 1980 and
Clasure i situ HTM block tests, and largesscale heated rock mass tests, lasting several years at Stripa, Climax and Vocea ended sbout ten years ago but with a degree of
Tl Mountain, have produced likely evidence for this coupled response, which is different from pressure solution. time extension due to the presently running, post
o Rack mass defarmaticn modli, thermal expansion coefficients, hydraulic apestures, shear sirength, and seismic Fibsuchio 1AM comtrteion that Goncasiis citing &
e welocities can cach be affected. In the cooking phase of an HLW repository, and in a geothermal project, rougher Sinsiiolberoootleme i hiob sl e

joints may be thermally oversclased, and eooling cmsing contractian efiects may be focused where joints are
more planar, causing shear and fluid capture.

1. Introduction te over-closure using physical models and rough
tensian fractures

The writers first experience of aver-closure of rough fractures was
during (amblent temperature) research at Imperial College, fifty years
age. Several dry, two-dimensional slice, madel ‘rock slopes’ exeavated
in 40,000 block tension-fracture models, with both horizontal and
vertical stress, would not fail at the expected slope angles. Fig 1 il-
lustrates two of these models. The ‘proving-ring-and-dial-gauge' loading
wias applied ar both boundaries. It was found that the rough fracrures
could be aver-elosed and remain over-closed by the previous application
of the higher normal stress acting prior to any slope excavation. Direct
shear tests on over-closed tension fractures also showed higher strength
If previously loaded 10 a higher normal siress than applied in the sub-
sequent direct shear test

Coaventional 1.1, and over-closed 4:1 and 8:1 direct shear tests,
with a prioe normal stress higher than the pormal stress applied in the
following DST of the same rough fracture, showed successively steeper
shear strength envelopes, and thus explained the reluctance m fail,
(Barton, 1971).

Mistaken application of a higher-than-planned normal stress In a
direct shear box test of the shear srength of a rock joint in the
Engineering Geology department at Imperial College, reportedly re-
sulted in the need t wedge open the joint (pers. comm. Dr. Mike
DeFreitas, Imperial College, 1969) as the sample could not be sheared

at the correct (lowes) normal stress. One may also relate the true story
of a tilt test an a tension fracture that we made for a rock mechanies
course in a univessity with pooe rock mechanics facillties some 20 years
ago. The newly fractured block weighing some 2 kg, with the two
halves placed together by seli-weight, was slowly rotated by the author,
thereby increasing the tilt angle {or dip) of the fracture. Surprisingly, a
vertical dip angle was reached — most joint samples slide at 50° to 80"
when thelr JRC value is in the typleal range of 5 10 15 (Bara and
Choubey, 1977; Barton and Bandis, 2017). This particularly rough
tension fracture, with 3 JRC pethaps even higher than 25, talerated
continued tlting to a dip angle of 180° (Le. pure over-hang). It now
exhibited tensile strength due to presumed frietional inerlock. This
mechanismm, repeated at much lower roughness, sets the seene for a new
way 10 look at joint closure. A significant difference to ‘asperity
shortening' models will be seen.

Some yeass after the weitet had moved from Imperial College to NGI
in Oslo, 2 study for underground nuclear power plants was performed
(Barton, 1972, 2019), using the same physical modelling tension frac-
ture technique. This was performed just prior o Peter Cundall's de-
velopment of the distinet (jointed) element UDEC. A ‘demonstration’
four-cavern model with 20,000 blocks was also performed at this time,
which is illusirated in Flg 2. Fracture over-closure was now demon-
strated T
across the face of the ‘21 madel were not teversed in the pillars when
successive caverns were excavated. (Barton and Hansteen, 1979). The

nud

by Professor Sakural, a past-president of ISRM, and
follows an interest in underground siting of nuclear

power plants in large caverns of more than 50 years

ago.{!

In the

ar power plants underground. This is chaired

1980s, the Office of Nuclesr Waste Isolation

(ONWI) in the USA funded a study by the

geotechnical company TerraTek, to test several

instruments in parallel to assess the in-situ

performance of instrumentatk

l the heat generated by decay:

repository. One task w nterpeet

ed on a b

n when subjected to

g nuclear waste in an

Many kilometres of cores add to the site investigation for
suitable underground nuclear waste repositories

eaaly in 2nd fla led, heated and flow-tested

Bmail address: nicksbarton @ hotmail com.

httpss//doi.arg/10.1016/j tust 2020.103379 of the underground research
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laboratory in Ma

Leakage mitigation in tunnelling, with emphasis on karst

of the heated  Strain and deformation gauges used for
the HTM In-situ block test

We read at intervals in excellent journals, or publish or lecture about what can go seriously wrong in
our challenging underground media. It may be the occasional, easily explained, locally massive failures

in single-shell tunnels, or the occasional, easily explained, locally massive failures in double-shell
tunnels (or caverns under construction). The former are using the far more frequently used shotcrete

and rock bolt metheods (tens of thousands of kilometers of mine access, mine roadway, hydropower,
econcmic road and rail each year), as compared to the less frequent shotcrete, bolts, lattice girders,
smoothing layer, drainage fleece, membrane, cast concrete tunnels used in our more expensive
transport tunnels. We could identify the methods used with various combinations of N's and T's and
M’s, and perhaps an occasional Q or an R - their geographic origins now masked by more variable use
in many, many countries.

Single-shell lining design and advantages Feb 2020

Instead of reading or hearing of a hydropower head-loss, or mine accident, or near-miss when driving,
it is almost refreshing, though no less serious, to view the muddied train that exited the Létschberg
deep base tunnel recently. A challenging problem perhaps caused by an unknown thickness of

In taking a beoad ook at tunnel lining options, €ost, construction time, and the CO; implications of concrete
consumption are each of significant concern. For many decades 3 method has been in use that effectively minimizes
ost and time and the use of concrete. The method is known as NMT, the Norwegian Method of Tunneling. It is based
on application of the Norwegian Q-system to design the rock support and emphasizes a single-shell shotcrete final and
permanent lining. Its characteristics distinguish It from double-sheil options that include final load-bearing and often
steek-rainforced concrats finings s the permanant finish. Such 3 method ks More expensive, uses More concrats, can

immediately surrounding rock in karstic terrain, despite 400m depth, or somehow a serious increase
in water pressure (quite feasible in karst caverns) or deformation-caused cracking, and then leakage —
ies emphasises the hydrogeological risks in our chosen profession, especially in the

the list of possil take longer to build, and usually requires a larger Labour force.
case of karst. It could on the other hand have been caused by measures taken during construction,

that did not, with the benefit of hind-sight, provide a long-term solution

A common problem in underground
excavation is the incidents of profile
over excavation and drill blast

owerbreak. Significant over break is
But there are also risks with Choice of Method. The leakage of water, and mud, serves to warn us of
the questionable long-life performance of an easily clogged drainage fleece, if it has to tackle a fluid
different from water, or suffer gradual mineralization deposits. We then run in to the problem of the
many kilometers of membrane welds per kilometer_ (This can be a challenging 12 to 15km of welds/km

inevitable if the Q-system parameters
show 3 ratio of joint sets (X

surface roughness () equal to or
mere than 6 (Fig 2). For example, in
situation of three joint sets and planar
foints where the ratio s Jn 9 and Jr
1.5, over-break is common and
Increases tha volume of concrete
required to complete a double shell
Ening. When using the NMT single-
shall S{fr) lining option, over-braak is
less of an issue. The area of the
excavation perimeter is greater with
over-break, but the over-break is not
and should not be filled. The rock
mass, assisted by systematic bolting
and shotcrete, takes the major load.

in a big double-track rail tunnel with a perimeter exceeding 30m). We also have the radial joints in
successive concrete pours, and their actual absence when using sufficiently thick longitudinally sprayed
shotcrete There are no radizl joints with 5{fr) and it has extremely low permeability, in the panel-
sprayed range of 10E-10 to 10E-12 m/s. This is 40 years-old data. The first Ph_D on 5(fr) in Norway from
Opsahl, was at the very end of the 1970, with reporting in 1980, 1981.

So what are the best choices? Frankly it is not felt that the style of ‘belts-and-braces’ incorporated in
double-shell is the right answer — even though when functioning well, it can be, though is expensive
and time-consuming. What about another choice of "belts-and-braces’, namely one that automatically
ing through the crucial rock surrounding and ahead of the tunnel - clear advantages

 Fig 1. Top: Single shell shotcrete final lining with fibre reinforced

of an initial Scm layer of S(fr) and permanent CT-bolts each applied
Single-shell designs peovided the final, . A

by overbreak
permanent tunnel linings for (63d, ral, (Credit: Right images courtesy Vandewate'*))

| hydropowes, water transfer, mine

includes d
especially in karstic terrain. So an easily guessed single-shell but with rock mass improvement
systematic high-pressure pre-injection (but with pressure suited to the rock and rock mass). This b-
and-b remains a very cheap solution. There are literally millions of kilometers of drill-holes used for
the world's large dams: grout curtains are permanent and headed for a 100 years (plus) life. Pre-
grouting umbrellas take 24 to 30 hours, and an almost guaranteed 20 hours plus per week full-face
tunnel construction — as indeed for high-speed rail tunnels of > 100m2. Grouting is known, and 3D-
measured, to cause rotation of the 3D permeability tensors, and their magnitude reduction, and

2ccess and mine roadway developments as well 35 for Large caverns for storage of oll or food, for hydropower machine
and transformer halls.

In e3ch case, NMT based tunnels and cavems are
made stable via application of the Q-system of rock
mass quaity estimation that encompasses 3 rock
mass quality scale from 0.001 - equivalent to 3
serious fault zone, where NMT may also need 3
focal concrete Bining - to 1000 which is equivalent to
massive unjointed rock where careful blasting can
remove the need for shotcrete, but in practice is
applied perhaps with one Layer of S{fr),

significant modulus and velocity increase. In fact the six Q-parameters may be effectively improved
The risk during construction is reduced dramatically by drilling 1 to 1.5km of holes every 15 to 20
meters of tunnel advance. Eventual damp spots in the shotcrete signal where a local post-injection
hole is needed. This is not the case with the double-shell solution_

tn typical rock masses where tunnels and caverns
are excavated, rock mass quality wil e on either
side of mid-range or closer t0.Q = 1 which is
Gescribed as poor quality with an associated mid-
range bell-shaped Gistribution of RQD. These
conditions would need combinations of corrosion:
protected rock boits and high-quaity fibre:
relnforced shotcrete, with staintess-steel or

Mick Barton, NB&A, May 2020
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Fig 2. Inevitable drill +blast over-break particularly with
clay-bearing joint sets.

polypropylene fibres. Systematic high-pressure pre-injection grouting using micro-cement and micro-siica may be
required to control water inflow to create essentially dry tunnels with mited inflow of approximately 1-2
Wers/minute/ 100 inaar metres of tunnel which can be dried out by the ventilation air in ventilated faciities. Systematic
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Some rock mechanics tasks in nuclear waste disposal projects
Nick Barton, NB&A, Oslo

During a long rock mechanics career the undersigned has had the opportunity to gain
some insight into various national and international nuclear waste related studies.
Personal and company involvement has been in the USA (several projects), Canada,
Sweden (several projects) and a major site characterization in the UK.

A first field task when joining TerraTek in Salt Lake City for four years in 1980 was to
assist and later help interpret the hydraulic parts of the first fully coupled HTM in situ|
block test, which was performed on a heavily instrumented and flat-jack loaded,
heated and flow tested 8m? of tough-to-core high strength quartz monzonite in the
CSM mine in Colorado. This was funded by ONWI — the Office of Nuclear Waste
Isolation. They contracted Jealek to test many instruments in parallel, so that more
confidence could be gained about the performance of instrumentation subjected to
heating, used in various experiments. A glimpse of the principles is shown in Fig. 1.

. ——p—

Fig. 1 The ONWI/Terralek heated block test for testing the coupled HTM (hydro-thermo-
mechanical) behaviour of a jointed crystalline rock. Mean jointing trends are shown. A range
of strain and deformation gauges are seen. (Hardin et al. 1981, Barton, 1982).

ONWI subsequently funded the development of the Barton-Bangis joint constitutive
model, which was finalized in Barton,1982, with the strong software-savvy help of
Khosrow Bakhtar, and was immediately used to help illustrate a two-volume report for
AECL and CANMET in Canada concerning its potential application in fractured parts
of the Underground Research Laboratory in Manitoba granite. The BB model for joint
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Unconventional exploration of failute modes in rock and
rock masses

N.R. Barton
NB&A, Oslo, Norway
nickrbarton@hotmail com

Abstract

This paper deals with the exploration of failure modes in rock and rock masses, starting with extension
failure in deep tunnels, followed by analysis of the limited heights of cliffs, mountain walls and
mountains. Here, tensile failure applies to the cliffs and mountain walls, since cohesive strength is too
high, and shear strength applies to the maximum mountain heights since confined compression
strength is too high In each case it is the weakest link that applies, as in morphological processes.

The actual strength of rock masses is neither Mohr-Coulomb nor Heek-Brown nor friction coefficient
based, although the latter may be useful for deseribing the more linear residual strength of faults. We
should not be adding ‘¢ + o tan " since these components are not mobilized in unison. Intact rock has
a cohesive strength that is so high that it makes mountain avalanches rare events. Frictional strength
tends to be high as well, due to the big additional contribution of fracture dilation. The weakest link of
the intact rock is of course the tensile strength, and this is proved by cliff height limits in a wide range
of rock types with heights varying by a factor of 100 depending mostly on tensile strength.

Thanks to recent work by Baoctang Shen it is now known that Poisson’s ratio plays a major role in
initial failure, as even reck under 3D compression can fail in tension due to the mechanism of
extensional strain in the direction of a nearby free surface. This is an important morphological
property. At higher stress levels, the extensional fractures may propagate i shear.

A simple new cliff formula is demonstrated based on tensile strength, density and Poisson’s ratio.
Naturally if the rock is jointed, there are usnally massive changes in strength and stability and slope
height, i relation to slopes in mtact rock. Failure may be progressive in nature, involving several
compoenents of strength which are mobilized at different shear displacements or strains. The stability
of the famous Prekestolen in SW Norway will be assessed from a new viewpoint, considering several
compoenents of strength and including potential extension strain-based failure at its base. It's factor of
safety may be different from that obtained by conventional shear strength analysis.

The apparent 8 to 9km height limit of mountains, of course lower than this below the immediate
peaks, will be addressed using critical state shear strength arguments, since confined compression
strength is too high The strongly non-linear nature of shear strength is emphasised throughout. Non-
lineanty is stronger than Hoek-Brown. Maximum shear strength is mumencally sumlar to UCS and
this has probably confused popular analysis of height limits which have been based on UCS
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Some Lessons from single-shell Q-supported headrace and
pressure tunnels

N. Barton
Nick Barton & Associates, Osla, Norway

nickrbarton@hotmail.com

E. Quadros
BGTech, Sio Paulo, Brazil

Abstract

Development of the Q-system has meant engagement in water transfer tunnels, hydropower headrace
and pressure tunnels in many countries since 1974. The support requirements of single-shell tunnels,
were initially dominated by Norwegian and Swedish hydropower projects. The Q-system data base
was greatly expanded later, by Grimstad's incorporation of steel fiber reinforced shotcrete S(fr)

The economic advantages of single-shell tunnels for hydropower has made this form of water
‘conveyance” very attractive in relation to more expensive concrete lined altematives. There are tens
of th ds of kil tres of single-shell or nominally *unlined” tunnels, and all need sound design
Interesting controversies arise in occasional hearings and court cases. One side may demand concrete-
lined tunnels, the other defends *nominally-unlined,” with Q-system based support and reinforcement
where needed. Once the question “what about rocks in the turbines?’ was even heard.

Empirical a posteriori experience, related to the theoretical laminar-flow paraboloidal 3D velocity
distribution, and a glance at the Hjulstrém-Sundborg river-erosion diagram, should convinee the wise
designer that flow velocities need to be limited to about 1.5 to 2.5m/s so that no fallen rock blocks
ever reach the *rock trap’, which will likely contain silt and sand and perhaps floating pumice, when a
tunnel system is emptied for inspection and maintenance. Too high flow velocities in lightly supported
river diversion tunnels, with too thin shoterete, have on occasion had d

qt

Remembering the a posteriort origin of the Q-system it is wise for numerical modellers to think twice
before proposing ‘longer rock bolts’. Claims about deep “plastic’ zones when analysis methods are full
of a priori assumptions and alarming opaque equations deveid of joint sets, inevitably fail to convince.
Unavoidable overbreak caused by high Jn/Jr ratios, and full-scale roughness losses. will also be briefly
addressed. Minimum rock stress greater than water pressure is of course fundamental as well.
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