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Details related to ‘the ten’ JRC profiles and further work with the Barton-
Bandis criterion — why JRC, ICS and ¢..
by Nick Barton, NB&A, Oslo. 2021.

This highly illustrated article, with minimal text, is basically an abstract followed by many figures
and figure texts. It ends with a reference list that goes beyond Barton and Choubey, 1977 — which is
where many published articles *stop” in relation to work performed on the BB criterion — which has
been part of UDEC-BB since 1985. There are by now more than 60 prolile-related equations in the
literature, and hundreds of articles, all addressing JRC. Many do not re the source of JRC
anymore, assuming it is an ‘established parameter”. It is however liberally criti vith
Justification of why ‘the current research” was funded and reported. This article is designed to try to
put to rest some onceptions and errors made by many who see ‘the ten JRC profiles” and assume
(correctly) that they represent a far too subjective method for estimating peak shear strength. In fact,
the ten selected profiles, with suggested ranges of JRC like 8 to 10, 14 to 16 were just to illustrate the
range of surfaces tested. We characterized and tested 130 natural rock joints, from seven different
ypes. There are 390 other roughness profiles, since three per sample. The main focus was the
accuracy of the peak shear strength prediction. We used gravity tilt or (horizontal) pull tests at

s of approx. 0.1 to 1.5MPa, so up to one thousand times higher st
*real’ 3D behaviour, 2D profile predictions are not. Some of the latter developments have been
erroneously based on the assumption that we used Imm diameter ‘brush’ profilers commonly found
in hardware stores. Some cnnnu authors even drew stepped profiles imagining steps in ours (there
are none) and misleading the profession to assuming 100 z-coordinates per 100mm long sample.
This has spawned incorrect sci and conclusions. The reality was an unusually precise Leschhorn
gauge with 3 or 4 *shims" (blades) per mm. (See Appendix and Figure 3). A significantly stepped
fine-pencil trace was not possible. Those not reading past our 1977 article miss scale effects and
coupled behaviour, which of course depends on normal stiffness and apertures, both physical and
hydraulic. The following figures give some indication of where JRC, JCS and o have been used in
the years following 1973/1977.

UNDERGROUND NUCLEAR POWER PLANTS by ISRM Prof. Sakurai
Committee.
From Nick Barton

Chapter 16. Conclusions

With suitable siting, and suitable engineering geological site description and design,
the rock engineering construction costs of 10m, 20m, 30m, or 50m span (and of
course much longer) caverns can be reliably estimated and their stability
guaranteed by application of modern rock design and construction techniques.
Note that the volumetric cost reduces with increased size due to a favourable
surface/volume relationship. This has been verified many times in storage projects.
Rock support within the connecting tunnels and UNPP caverns should not include
concrete linings if there is potential for earthquakes as that historically invites
cracking during seismic loading and is unnecessarily expensive. Concrete linings do
not increase long-term stability. Even extremely adverse structural geology, such
as dipping sedimentary rock with bedding planes filled with sheared clay (‘bedding-
plane faults’) have also been engineered on occasion and resisted major
earthquakes successfully without any reported damage due to the appropriate
bolting, anchoring and fibre-reinforced shotcrete cavern support (Barton, 1996,
2021. Refer to the M7.8 Chi Chi earthquake, 9km deep with nearby epicentre).

As opposed to the typical surface nuclear power plant, one that is sited
underground is secure from physical damage caused by hurricanes, tsunamis,
earthquakes, and missile attacks or aeroplane accidents or terrorist hijacks of
aircraft as in ‘9/11’. Concerning precedent for using rock caverns, the foremost in
complexity are probably the 800 or more underground hydroelectric stations,
which require three parallel caverns of large volume. The machine halls housing a
typical line of multiple generators have reached several hundreds of meters length,
spans of more than 30m and heights in excess of 80m. As much as 8,000 megawatts
have been generated in single facilities, and with mirror image plants on either side
of the river, 16,000 Mw have been produced at Baihetan. Mirror image UNPP could
share cooling water facilities, and be much more economic as a result, if desired.
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NEW IDEAS ABOUT FAILURE MODES IN ROCK MASSES — FROM TUNNELS TO
PREKESTOLEN TO EL CAPITAN TO EVEREST

Nye ideer om bruddmekkanismer i begmasser — fra tunneler til Prekestolen til E1
Capitan til Everest

Nick Barton, PhD, NB&A, Hovik, Norway
SUMMARY

This paper deals with the exploration of failure modes in rock and rock masses. Failure in
tensicn initially applies in deep tunnels, and extension failure also applies to cliffs and
mountain walls. In each case a free surface is present. However, shear strength applies to the
maximum mountain heights since confined compression strength is too high. In each case st is
the weakest link that applies, as in morphological processes. In deep tunnels in massive rock it
has been common practice. also in the Q-system, to compare an estimate of the maximum
tangential stress with the uniaxial strength of the intact rock. When this ratio reaches
approximately 0.4 rock failure and acoustic emission initiate. An altemative and more
realistic interpretation involves the numerically equivalent ratio of tensile strength and
Poisson’s ratio derived very simply by Baotang Shen when formulating his FRACOD code.
The present author has applied this to explain the limited height of cliffs in weak rock and
mountain walls in strong rock, a range of heights exceeding 10 to 1,000m. In each case an
ultra-simple term involving tensile strength, density and Poisson’s ratio is used. If the rock is
jointed, there are usually massive changes in strength and stability and slope height, in
relation to slopes in intact rock. The stability of the famous Prekestolen in §W Norway will be
assessed from a new viewpoint, considering several components of strength and including
potential extension failure at its base. The factor of safety may be different from that obtained
iy conventional shear strength analysis. The Mohr-Coulomb criterion gives unrealistic
solutions to cliff and mountain wall heights due to too high cohesive strength for intact rock
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TECHNICAL DETAILS OF SINGLE-SHELL NMT TUNNELS

N.R.Barton

NB&A, Oslo, Norway

E. Quadros

BGTech, 530 Paulo, Brazil

Abstract: Selected aspects of NMT are described in some detail. Tunnelling in jointed rock that may be
clay-bearing and faulted is assumed, with a typical wide range of Q of at least 100 down to 0.01, or
roughly RMR = 80 down to 20, but not needing double-shell NATM. Selected aspects to be discussed
will be the three principle EDZ, two of them representing the load-bearing cylinder of rock where
redistibution of principal stresses and joint deformation occurs, the third the disturbance due to
blasting, which is much narrower. So-called ‘plastic’ behaviour via GSI, H-B, RS2 modelling is rejected
since based on too many assumptions and complex page-wide equations. Case records suggest that
combinations of bolting and ﬁbwuemfnrced shmmte san pm-nde stable tunnels at reasonable cost,
but if some aspects are neglected, like 3 lack of washing prior te
and failure to record the presence of clay, then surprises can occur, Two important further
mnvenl:u:ms need to be adhel‘ed tcn. The Q-system based B+5(fr) reinforcement and support
ion was never designed to or rely on lattice girders, which are far too soft’
since unbalted and Iy loaded. Single-shell Q-based tunnel design was also never intended to
allow the passage of water at high velocities, such as 10m/'s river diversion compared to the case-
record expected 2m/s of typical headrace and pressure tunnels. When rock mass quality is
compromised by fracture zones, or if permeability is too high and inflow from the surrounding rack
mass needs for g both dry in-tunnel and stable external environments, then
systematic pre-injection may be d led, of suitable stable grouts at high pressure
improves the rock mass quality Q, and over-design of unadjusted Q-based support is then apparent. P-
wave velocities, and deformation moduli are also improved by pre-grouting, as verified in formal dam-
site studies in Brazil and Iran. o xeality millions of kilamagexs, of grout holes beneath the world's
largest dams are giving the same evidence, Suitable stable grouts with their extensional viscosity must
not be disqualified with filter-pumps, High injection pressures are needed, but do not hold pressure
when flow ceases, Wet shoterete, leaking bolt holes, and the need for post-injection indicate failed
technology, if the objective was to pre-inject in one round only and prevent environmental damage.

1 INTRODUCTION

The frequent assumption of these who feel they know best is that the Q-system only applies to typical
hard jointed rocks. We actually make wider use of Q in NMT: the Norwegian Method of (single-shell)
Tunnelling, The original case records included 50 different rock types in the initial two hundred or so
cases analysed, with deliberate choice of challenging cases such as clay-bearing and sheared rock
masses so that significant amounts of support were included. If 2 more limited range of application of
had been suggested that would have been the result, since Q is an a posteriori empirical meth
Development of the Q-system has meant engagement in numerous tunnel and cavern projects in
Norway and abroad since 1975, including experiences in water transfer tunnels, hydropower headrace
and pressure tunnels in many countries. Significantly, the Q-system data base and applicability was
greatly expande-d in 1993, by Grimstad's incorporation of steel fiber reinforced shorcrete S(fr]) and by
the P d sleeved (CT) bolts, Both have added to the reliability of B+5(fr)
single-shell pem\anenrsupport. The Q-system has been successfully used in rocks with UCS as low as 4
to 7MPa (significantly jointed chalk marl in shallower parts of the Channel Tunnel: Barton and Warren,
2019) and UCS up to at least 300MPa for some granites, gneisses and quartzites.
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TUNNELS, CAVERNS AND SLOPES IN DISCONTINUA - A CRITICAL
ASSESSMENT OF CONTINUUM ANALY SES, G 5l, HOEK-BROWN AND MOHR-
COULOME, WITH FOCU S ON DISCONTINUUM ANALY SES AND GEOLOGY

Mick Barton, NB&A, Oslo, Norway (www._nickbarton.com)

Abstract

Rock masses are by definition.assemblies of rock blocks separated by jeint sefs and less
frequent faults. Crver the years quite sccurate methods have been developed for numerical
modelling of these sssemblies, both in 20 (UDEC-MC. UDEC-BB) and in 30 (3DEC-MC).
We have used them for studying how tunnels, caverns and slopes perform when excavated
in these challenging media. Empirical characterization methods have also been developed
which can assist in such aciviies as tunnel snd cavemn support, and stope dimensioning.
These can complement the numerical medelling. Clearly, open pit slhpas in jointed rock are
not the same as model slopes in unjointed model materisls. We sre resdily sble to observe
the differences between resl failures and modelled failures. Two key problems seem fo be
the over-simplicity of GE1 and the black-box complexity of Hoek-Brown et al equations.
Related codes using M-C parameters derived from H-B seem slso to be sffected. A return fo
joint and rock mass charscterization for disgontinuum,models is needed if we are fo return
closer to reslity. Ve made good progress in rock engineering many decades ago, unfil too
many chose GSl and H-B. the easy way to lose sight of real behawigur since no ‘geclogy’.

Introduction

In this lecture the author will be showing studies with UDEC, 3DEC, FLAC and
FLAC3D, in illustrating both dizcontipyum,and continuum analyses for funnels,
cavems and open-pit slopes. The use of the first four parameters of Q for assisting in
stope dimensioning will also be briefly addressed — and just two for overbreak.

Having been around for a long time, also as a student colleagus of Cundall before he
developed his remarkable computer codes, it perhaps is permitted to illustrate briefly
what we could achieve with physical models of fractured media before Cundall's
codes became available, both from thesis times in 1971 and from just prior to
Cundall’s UDEC release (Barton, 1971, Barton and Hapsigen, 1979).

Figure 1 The contrasting fexibiity of the infeligent computer code uDEC: fwo of four resultz
of varying angle @ from Cundsl, Woegele and Fairhursf, 1875, and the fved-fracturs-sstz"
fractured 30 models developed some pasrs esrier by the author in 1968, Coming jusf bafora
UDEC =such 20 ‘zlab modelz’ with 4,000, 1,000 and 250 blocks alzo sssizted in scale effect
understanding. The smallesf block sizes gave unexpected linear’ sfrezs-strain hehaviour,
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Chapter 16

Engineering geology, rock mechanics and rock engineering for the design
and construction of underground (UNPP) rock caverns

16.1 Introduction

The objective of this chapter is to assist in the understanding of some basic rock
mechanics and rock engineering principles which are needed following the site
investigation for a future underground nuclear power plant development. We will also
refer to some prior rock engineering experiences selected from Norway, Taiwan and
China which illustrate the confidence with which we have utilized the underground for
the construction of large caverns, especially in the last three decades. A variety of rock
mass qualities will be referred to, not just the jointed pre-Cambrian granitic gneiss for
the widest 60m span, but also far from ideal volcanic extrusive columnar basalts for
huge pairs of twin hydropower cavems, and caverns in challenging interbedded
sandstone with faulted (sheared) clay inter-beds. The siting needs in these particular
cases vary very widely: a convenient city-outskirts hillside, a major river canyon dam
site for hydropower, and a far from ideal underground rock cavern site but with the
advantages of an existing top-reservoir for pumped hydro. Due to the huge range of
sites utilized in the past decades, we have leamed how to safely engineer the
necessary cavern complexes in geologic locations that may not always be ideal from
a rock mass quality viewpoint. Important developments have occurred and been
applied during at least the last six decades, that make use of the underground
something approaching a routine exercise for numerous countries. This is because of
the expertise and long experience of hundreds of site investigation, design, consulting
and contracting companies operating in the many countries regularly making these
underground developments, mostly since the nineteen sixties and seventies.
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On the selection of joint constitutive models for geomechanics simulation of 55
fractured rocks
Qinghua Lei™ , Nick Barton
* Deparmmen: of Earth Schences, ETH Zirich, Switseriond
© Nick Bareon & Associates, Norway
ARTICLE INFO ABSTRACT
Keywards: Fractures such as faults and joints often dominate the mechanical strength and deformation of rock masses. It is

Fanctures
Consturive relstiaship
Numeriesl modelling

thes of central importance 1o adapt an apprepriate joint constintive model in geomechanics simulations 5o thar
the behaviour of fractures can be realistically represented. Over the past decades, various joint constintive
madels have been propesed from theoresical perspectives and i nte different geo

mechanics solvers. However, numerical modelling researchers are often confronted and even canfused with the
question about which joint model ta wse in especially when a campr to be reached
between the realism (or complexity) of the selected constitutive model and the difficulty in the numerical
implementation. In this Short Commanication, we review same af the papular jaint constitative laws that have
been nsed for geomechanics simulations and present a discussion on their suitability and limitations, aiming to
pravide a guidance for the joint consiitutive model selection for computer simulatians. We also point out a fow
umrealistic featupes of y with comrectioas

1. mtreduction 1o realistieally construet feacture network geometries, and (i) how to
sealistically mimic fracture mechanical responses. The first question has
been, explored in (Led ot L, 2017), while the second question will be
discussed n the current paper. The motivation of writing this dedicated
Short Communication arises from both authors’ observation of the field,
where many mumerical modellers attempt (0 use unrealistic jo
eomstilutive models in their “fashionable” compurer simulations,
resulting in a vague connection to real-world rock mechanics and rock
engineering problems.
W write s O aiming

to strengthen the realism of their simulation tools, so that they can
properly eoncider the important fundamental characteristies of rock
fractures i nature, as has beea well documented in the lterature based

Wwith the rapid advances in computing technologies, an increasing
number of geomeehanies models have been developed 1o simulate the
complex processes and phenomena in fractured rocks based on a variety
of numerical methods (e.g. finite element method, discrete element
method, finite diserete element method, faite difference method,
among ofhers) {Jing, 2007). Due to the enhanced recopnition of the
Important role of fractures in controlling the bulk behayiour and
frequent anisotrapy of rock masses (5o dres, 2015), many
computational taols have nowadays been equipped with the function-
ality of explicitly modelling diserete feacture nerworke (DFNs) in their
geomechanies enmputations (Lei o1 ol 2017). An easly example of this
was Cundall’s UDEC (Universal Distinet Element Code) (Cundall and on extensive experimental evidence, al., 1981, 1983;
Harl, ) with the nonlinear Barton-Bandic' joint model a¢ a sub- Ba etal. 1 and € i, 1076 SE0nE
routine from 1985, The DFN concepl represents an important step (o~ many others. The rest of the paper is organised as follows. In section 2,
wards a more accurate (or at least more realistic) simulation of fractured  we present an overview of the key mechanical characteristics of rock

racks, where a representative elementary volume may not exist

11 st that the enaventianal continunm models building upona
Jlumngelusﬁlmn paradigm might not be applicable. The development of
DEN bissed geomechanics models is faced by two core questions: (1) hew
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fractures as observed in the laboratory. In section 3, a review of some
commonly wsed joiat constitutive models is given together with some
remarks on the model suitability and limitations as well as possible
eorrections. Finally, the papes ends with & short discussion.

TUNNELS AND
STATIONS THAT
SHOULD BE DEEPER

Dr MBarton (Nick Barton & Associates, Oslo) and M Abriem|CVA Consortium, S Paulo)
expose the false economies and dang f shallow tunnedling for metros in urban areas.
arquing that deeper tunnels and longer escalators are well worth the exira cost

Recently completed metro Line 4 (Yellow Line) of  experienced contractor, who supplemented the owners
530 Paulo metro was the first undergrourd extensive vertical site exploration with anound 30

cons deviated borehales.

12 million-populatien Braziian di
but unfartunate, wish of many
Shalow SEANONS ANG SNOTT SCALANGNS, the Contractar
Strugglea 1o buld & skm of shallow tunnels and five
shallow stations which would be a much-nesded
addition to the city metra.

several hundred-ton 0
trough the boit and snoterets e
fallure was caused by the smocih
weathered ve:
by a sapral

same
whe d genaralty mare ifficut
saprelite 2nd 50l condiions than anticipated by te

typi
fortunately without fatalies. &

Right, figure
A price has to be psid for
tunnelling toa dase to the
oted e, llustrated
from the particutar case of
westhered grarite fram
Dartmocs, England. after
Linton (19559 and Fackes
et sl (71 in genesal,

@ parameters are not
easily determined n the
Grade V (brownl saproiite:
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Barton responds to T&T Moscow Metro article

27 January 2022

| read with interest about the impressive Moscow metro expansion (from the interview with Anna Madulaya, TET.
November 2021, p18). One sentence in particular caught my attention: “We incressed the pace of the pipgHERIpE by
placing most of the new sections close to the surfsos rather than deep down * Some 15 years ago. | was hired to give
advice fo the iurm which was ing with the time-i ing and ri: of the shallow
Line 4 in Sao Paulo. The consequences of mixed face, such as soil to rockin me same station (Butapta) and huge
owerbreak events due to the closensss to the surface in this station — and in the nearby running funnel — were clear for all
to see. The difficulty of near-to-surface pre-injection also resulted in abandoned houses (to this day), and big settlements.
needing infill fo prevent flooded sections of fwo roads. The consequences of a ridge-of-rock crushing Iatiice girder support
and the resulting loss of life at the next station cavern (Sipbeipgs) is regrettably well-knowm.

TUNNELS &
TUN

INTERNATIONAL EDITION

e

SO0 STVA

e a—

Moscow’'s'metr

breanne

These experiences caused me to fitle 3 subsequent lecture in Hong Kong: ‘The shallow escalator syndrome’. Later, there
followeed five years as a rock mechanics reviewer of MTR metro expansion — mostly with in-rock station cavemns and
running tunnels, and | would say wiser and cheaper designs by the various firms responsible.

So, to the obvicus question. s it really ‘increasing the pace’ when strupgling with unstable sands and soils, and the
occasional need for freezing? Why did London choose to go deeper and mostly have the benefit of the London Clay? Or
the benefit of granite or tuff, rather than saprolite in Hong Kong?

Is the frequent ‘choice’ of soilrelated problems in many other metro-expansions around the world saving time and
schedule, or is it b of thy i of sail ics ower rock ics in the rosters of our geotechnical
umbrella grganisatiars?

Nick Barton
Norway
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Keynete Lecture: Continuum or Discontinupm — That 1s the
Question

ME. Barton
Nick Barton and dssociates, Osla, Nanway

ABSTRACT:

Several decades 3z there was 2 srong focus on the need for gizcoptingun modelling to im-
prove upon the empirically based anzlysis of excavations in jointed rock. The remarkable codes
developed by Peter Cundzll: UDEC and 3DEC wers put ta foll usa in the ninesteen eizhties and
nineties. For exemple, Q-system based cavern support could be verified ar improved with such
analyses. Of course, thess codes preferably require kmowledge of rock mechanics and rock joint
behaidne, snd perhaps familiarity with non-linear constitutive models as in UDEC-EE. Fegret-
tably the claszic texthooks of Hoek and Bray and Hoelk and Brows in thiz period wers subse-
qn.enﬂyﬁ:lllowedlrvmesugguumﬁncmnnmmuddlmgu&mgamﬂmtﬁnﬂmeﬂﬁﬁl—

page

for *c* and ‘g’ mnnsuﬁwmunaaded.l'hem:medadﬂmnnaflhaecmpm&msnfm
sirength (25 indeed m Mohr-Counlomb) in conumercial contimuum codes is the final source of er-
ror of 30 mary analyzes. So-called plastic zones are exaggerated around tumnels, and rock slopes
are given zaldom obzerved desp spoon-shaped faihme predictions, ignoring the frequent infln-
ence of major discontinuities, and the usual failures within the slope faces. Of course, lake-bed
open-pit slope deposits or extremely westhered rock will give spoon-shaped failures as for rock-
fill and soil, but compatent jointed rock will not fail like this: major discontimities will wsnally
be invobeed, and wedze ar planar failures will ba the usual reslity.

1 INTRODUCTION

We were advized more than 30 vears ago by Brace and Miller that cobesion iz broken before
friction is fully mobilized. Gross errors are caused by adding these components of shear srength
when estimating the maxinmum beight of cliffi and mountain walls, Since “c° iz not the lowest
component of strength, artificially lowerad estimates are needed, or tensile strength and Pois-
z0n's ratie are wsed (Barton and Shen 2017). There is precious little empirical hasis far the
Hosk-Erown equations for rock mass strength, bt an excellent experimentsl basiz of course for
the earlier intact rock H-B criterion. We may ask if is it logical to dowmzrade the strength of in-
tact rock to madel rock maszes (using opaque equations with joint roughness and munber of
Jjoint sets ignored) or better to apply the equations for the shear strangth of joints and fractures
and estimate the initial cohesive contribution of intact bridges between the capa-
ble joint zatsT In this lecture the suthor will be showing studies with UDEC, 3DEC, FLAC and
FLACID and FRACOD, and will be illustrating both discantinuum and contimnmn smatyses for
twamels, cayema and opan-pit slopes. An earlier than UDEC phase, with Factured (2DY) models
of underground excavations, will zlso be shown 2= an i
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Mini Review

In recent keynote lectures the author of this brief ‘opinion
plece” has utilized variants of the title: ‘Continuum or Discontinu-
unt - adding ‘that is the question’ and also ‘GS! or JRC? The reason
for such titles is the last 20 years or so of numerical modelling prac-
tice for tunnel design and rock slope stability checks. These have
seemingly been dominated by the marketing success of the rack
mass dassification method GSI - the so-called ‘geological strength
Index, and the complex set of equations also proposed by Hoek and
Brown and co-authors which we can abbreviate to ‘H-B" Both are
utilized in Rocscience finite element models such as Phase 2 or RS
2.The pl has developed which is

needed to utilize the page-wide H-B equations has caught the at-
tention of the younger generation, who can quickly obtain colourful
plots of stress distributions and so-called 'plastic zones’ surround-

er- 1 In the area of rock
slope and open-pit stability the same methods (GSI, H-B, RS 2 or
other FEM methods) can rapidly provide ‘spoon-shaped’ and co-
lourful fallure predictions, as if a slope in jointed rock is suddenly
bereft of its geologic structure and ‘fails’ as if it was a slope In a
‘continuous” isotropic medium like soil or rockfill. Both the above:
‘plastic zones' and ‘spoon-shaped’ failures can be questioned for
their link to real behaviour Figure 1 shows one realistic and one
unrealistic simulation.

with input data estimates based on GSI.

Figure 1: On the feft an extract of 3 UDEC-BB model 1o represent the possivie geoiogic ng pi jugate jointing
the tunnel. C

using, among other parameters, the 50 years oid JRC-joint roughness coeflicient. On the right an actually sophisticated model of a rock siope
Wilh the sheas strength of the sssumed continuum modelied with the heip of M-C (Mohr-Cowiomb) and H-8 (Hoek-Brown) non-linear behaviour
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GSI1 OR JRC — CONTINUUM OR DISCONTINUUM MODELLING —
SOME SUGGESTIONS AND SOME CRITIQUE

Nick Barton

NB&A, Calo, Norway

Abstract

GSI has been spplied for sbout 30 years and
JRC for abaut 50 yesrs. They are sssocisted
with either the Hoek-Brown besed shear
strength criterion for rock messes and
continuum madeling, ar with the Barton-Bandis
based shear strangth eriterion for rack jeints for
use in discontinuum modeiling. The lattsr, using
input parameters JRC, JCS and g, provides for
nen-inesr snd block-size dependent shear-
trenpth-d and dilat

behsviour, and nondinesr  closure-sperture
behaviour, including the potential for coupled
hydraulic flow modelling. despite 20 limitations.

Introduction

During past decades there have baen paricds
with FEM dominsted confinuum modeling,
followed by decades of DEM dominated
discontinuum  modelling when for instance
UDEG. 3DEC and FRACMAN beceme availsble
thanks to early developments by Gundall and
Dershowitz

In more recent decades it seems that & rstum to
continuum medeling of rock masses has besn
deminant. This hss undoubledly been in
response to the commercial promation of GEI
and the Hoek-Brown equations for representing
rack messes, and related commercial software

In the suthor's paper some orificsl observations
were made fo emphasize what i lost when
sttempting to select a representation of ‘gaclogy’
in the GSI diagram. The subsequent Tose of ai

Rock joint behavior modelling

Input data for rock joint modelling requires
testing cr empirical estimation to provide Som
resemblance of reality, such as seen in Figure 2

p A

I ===

it 2 Frdamerly of it e g nion e
P ies et Shesred snd diaed
et el et et . (e, 187

Far madelllng inis iere are severs! aptions a2
non-linesr and black
Selertapendent BartonBandis modal i now
widely used for distnct slement modslling and
sppesrs &5 8 subroutine in UDEG-BE. Non-
linear closure and flow modelling is = part of BB
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geology' is because there is &
of properties using Rocscience software to
eveluste the ‘page-wide’ Hoek Brawn equetions
for 'c’and "¢’ followed by FEM modeliing

. po s
e

It is doubted that continuum metheds can help
the profession understand fundamental rock
mass behaviour, s sccalled plastic zones
sround underground excavations have besn
proved to be exapgerated. and spacn-sheped
failures’ of slopes in jointed rock ere mot
observed unless the rack material is very wesk.
Jointing &nd faulting influence is ususlly prasent
in rock slopes, and likely to be prasent and effect
the performance of tunnels and cavems in rock
a5 we cen see post-failure in slopes.
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Figure 3 Thees Joint metieling optiens. 83 is nauraly prefemred

Figure 4 shows exsmple JRC-based input dsts
for UDEC-BE modelling of the Gjevik cavemn
Meote the depth-dependent deformation moduli.
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Figure & Exargies of UDEC-BB models of a TBM acosss turnes
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In contrast to disconfinuum behsviour. some
unexpected thecries for rack slope modeling
invaiving linear M-C or non-linear H-B sre shown
in confinuum medelling ltersturs.  Strangely,
circulsr or spoon-shaped fsilure is expectsd to
2psly. despte what i wsualy jerted and lccaly

falted rock. In resity, only rockfil and soil may
comply with such assumed confinuum circular’
failure predictions. Faults may dominste.
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Critique of opague GSI H-B equations

The page-wide opaque slgebrs of the GSI based
H-E equations. conveniently progremmed in
commercial software, sllows even novices fo
apply it without sufficient questioning. Mote the
strange sppesranos of GS| 16-times in ‘o’ snd 12
times in "y Super sensitivity to & poorly quantified
parameter (GSI) essily leads analyses sstray. The
disturbance factor O hes to be guessed

Figure 4. it datn examples for the: £2m spen Gjavk eaven.
The UDEC-AB ey
Exsmples of UDEC-BE models of & TBM sccess
tunnel in interbedded sendstones  (showing
principal stress rotatians in the EDZ), and joint
shesring EDZ modelled in jointed tuff are shown
in Figure 5. Many such detsils sre inevitably lost
in GSRH-B based continuum medels,
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GSI or JRC - continuum or discontinuum modelling — some
suggestions and some critique

Nick Barton
Nick Barton & Associates, Oslo, Noway

ABSTRACT: GSI has been applied for about 30 years and JRC for about 50 years. They are
associated with either the Hoek-Brown based shear strength criterion for rock masses and contimuum
modelling, or with the Barton-] 3@,@;@;@ based shear strength criterion for rock joints for use in
discontimuum modelling. The latter, using input parameters JRC, JCS and @ provides for non-linear
and block-size dependent shear-displacement and dilation-displacement behaviour. and non-linear
closure-aperture behaviour, including the potential for coupled hydraulic flow modelling. The
mismatch of hydraulic and physical apertures is emphasized, requiring lab-scale JRC, for the
conversion. The paper provides some examples of joint-related behaviour in the case of tunnels,
caverns and slopes. It also includes serious critique of GSI and the H-B based continuum modelling,
due to the complex equations and the lack of representation of joint properties. So-called plastic
zones are exaggerated around tunnels, and spoon-shaped slope failures belong in soil mechanics.

Keywords: modelling, rock masses, rock joints, JRC, GSI, shear strength.

1 INTRODUCTION

During past decades there have been periods with FEM dominated continuum meodelling, followed
by decades of DEM dominated discontinuum modelling when for instance UDEC, 3DEC and
FRACMAN became available thanks to early developments by Cundall and Dershowitz. In more
recent decades it seems that a return to continuum modelling of rock masses has been dominant and
this has undoubtedly been in response to the commercial promotion of GSI and the Hoek-Brown
equations for representing rock masses, and commercial software. In this paper some critical
observations will be made to emphasize what is lost when attempting to select a representation of
*geology’ in the GSI diagram. The actual ‘loss of geology’ is because there is a ‘homogenization® of
properties using Rogscience software to evaluate the ‘page-wide’ Hoek-Brown equations for ‘c” and
‘¢’ and thence to FEM. It is doubted that such methods can help us understand fundamental rock
behaviour, as so-called plastic zones around underground excavations are exaggerated, and spoon-
shaped ‘failures’ of slopes in jointed rock are not observed unless the rock material is very weak.
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The joint roughness mellicient (RO, introduced in Barton (1573) represented 3 new method in rack
rack engineering to deal with problems related to joint roughness and shear strength
estimation. 1t has the advantages of its simple form. easy estnation
effects, which make it the most widely accepted parameter for roughness quantil
propated. As 3 resull, JRC hut attrscied the sttention of many seholars who have developed JBC-related

d explicit considesation of scale
fication since it was

methads in many areas, such as geological engineering multidisciplinary geosciences, mining mineral
e processing, civil engineering environmental engineering, and water resowes Decause of such a
Joot: rengghness ot () developing trend an averview of JRCis presented here 1o provide a clear perspective on the conepts.
Rack joines methads, applications_ and trends related 1 its extensiont This review mainly introdusss the origin and
Houghnes connotation of JBC, JRC-related roughness me.xsurement, R ettin lion methods, RC-based roughness

Shear strength
Saale effec

characteristies |
properties, and JRC-based rock

ovestigation, JFC based fock int propeny deseription, JICS infline: an ek mas

Moreover, the of the joint

samples and the determination of the sampling interval for rodk joint roughness measurements are
discimsed In the future, the existing JRC-related methods will licely be hurther improved and extended in
rock engineering.
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1. Inroduction

It was first proposed by Barton (191

) some 50 years ag for eval-

Rock joints, mechanical discontinuities of geological origin,
intersect almost all near-surface rock masses and significantly in-
fluence their engineering properties. Roughness is an essential
component of the shear strength of rock joints, particularly in the
«case of undisplaced and interlocked features such as unfilled joints.
This i because lack of planarity means dilation, higher local
stresses, and increased permeability. Over the past five decades,
researchers have proposed different methods to quantify the joint
roughness (g, Barton and Choubey, 1977; Yu and Vayssade,

Kulatilakeet al. 2006; Tatoneand Grasel Yongeta I
Among allthe joint mughness parameters in the literature, the joint
roughness cosfficient (JRC)is the one most widely used in practice.
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uating rock jeint shear strength and quantifying roughness. JRC was
later adopted by the Intemational Society for Rock Mechanics
(ISRM) (Barton, 197 ) for the description of discontinuities. it has
the adwantages of simple form. easy estimation, and explicit
cansidenation of scale effects. Since the quantification of JRC is
crucial to the shear strength of jointed rock masses, it has attracted
2 large number of attentions.

JRCrelated methods have gradually developed as general
methods for solving rock engineering stability problems. The
cancept of [RC has been applied in various fields such as gealogical
engineering. multidisciplinary geostiences. mining mineral pro-
cessing, civl engineering, envimnmental engineering, and water
resources. In these [RC-related methods, the nonlinear rock joint
shear strength eriterion, called Barton-Bandis criterion (also called
BB criterion), is the most used. This criterion, W|th the shear
strength portion refined by Barton and Choube 7). received
important additions from the scale-effects and normal<lsure
waork of Bandis (1950]. Since the 1980s, this criterion has been
used in numerous computer codes for mechanical-hydraulic
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PRE-GROUTING OF TRANSPORT TUNNELS IN JOINTED ROCK FOR SUCCESSFUL
CONTROL OF WATER

Forinjisering av transport tunneler i oppsprukket berg for vellykket kontrol av vann

Dr Nick Barton (Nick Barton &Associates)
Prof Steinar Roald (Dr S Roald A/S, Norway)

SUMMARY

Pre-grouting is an effective way of displacing water and severely limiting inflow to tunnels, if
practiced correctly. Joint sets are successively sealed, and permeability tensors are known to rotate
and reduce in magnitude for each set. This has been measured during 3D permeability tests. In fact,
the needs for tunnel support and reinforcement are actually.rednced by successful pre-grouting, but
not when wet shotcrete or leaking bolt holes are seen following unsuccessful pre-injection. The
possibility of dry tunnels depends on the use of stable non-shrinking srouts with microsilica
additives. Due to extensional viscosity the latter are de-selected if using the inadvisable filter-pump
which iz fayoured in some countries. Particle sizes should be appropriate to the estimates of mean
physical joint apertures (E). Hydraulic apertures () estimated from permeability testing are idealized
smooth parallel plates. They are smaller, mathematically derived apertures so are physically non-
existing objectives for determining the cement particle fineness, using either ultrafine, or micro-
cement, or industrial Portland cement. The rule-of-thumb of E needing to be greater than 4.dus has
been proved experimentally in rock joint samples. The aperture difference E = e is due to hydraulic
loszes due to roughness. These apertures are approximately equal when greater than 1.0 mm. A poor
pre-injection result like wet shotcrete and leaking bolt holes may also result from too low injection
pressures. Local joint jacking is needed, with limited risk when flow of grout is occurring. There is
an inevitable logarithmic to linear pressure decay from the injection borehole out into the intersected
joint planes, with at least 30% loss of pressure within 1m for Newtonian-fluids, and obviously more
for rough joints using cementitious grouts with their Bingham-fluid cohesion and friction. However,
pressure must not be held when flow has stopped. Injection pressure must obviously be lowered
when not needed, if there are large flows near the surface or in permeable crushed zones at depth. If
for some reazon one is not using stable cements with the necessary micro-silica additive, it will be
necessary to use lower pressure anyway, but one must then expect poorer penetration and volume
reduction when hardened, meaning the likelihood of wet shoterete. The authors will draw on their
experiences from confidential expert witness and court experiences of several pre-and-post injection
projects in Norway and abroad.

Kevwords: Pre-grouting; settlement-damage; high-pressure; micro-silica; joint-apertures
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POSSIBLE CONSEQUENCES OF CLASSIFICATION METHODS APPLICATION,
COUNTRY BY COUNTRY, IN THE CASE OF ROCK SLOPE FAILURE MODELS

By Nick Barton, NB&A Oslo. www.nickbarton.com

Rock masses are by definition assemblies of rock blocks separated by joint sets and
less frequent faults. Of course they can be very massive too. Over the years quite
accurate methods have been developed for numerical modelling of what are often
‘block assemblies’, both in 2D (UDEC-MC, UDEC-EB) and in 3D (3DEC-MC). Many
have used them for studying how tunnels, caverns and slopes might perform when
excavated in these challenging media. Empirical characterization methods have also
been developed which can assist in such activities as tunnel and cavern support,
choosing stable slope angles, and mining stope dimensioning. These can
complement the numerical modelling.

The apparently most frequent geographic application of various rock mass
classification methods in numerous countries, thanks to the gugstionaires circulated
and synthesised by Erbarter et al. 2023 are summarized in Figures 1 and 2. Two
potential problems caused by the geographic ‘spread’ of slope-related methods seem
to be the over-simplified and difficult to quantify GSI, and the black-box complexity of
Hoek-Brown et al. equations if these are applied following GSI estimation. In the
opinion of the author of this ‘possible consequences’ discussion, a return to joint and
rock mass characterization for application in discontinuum models is needed if we are
to return closer to reality. Do colourful continuum models have a place in actual
engineering in rock?

\We made good progress in rock engineering many decades ago, until too many
chose G5l and H-B, the easy way to lose sight of real behaviour, since actually there
is hardly any application of geology involved despite the ‘G’ in GSI. Any subsequent
continuum modelling will mean a regrettable loss at least of structural geclogy.

On the subject of rock slope stability (Figure 2 empirical methods), the behayiour and
occasional failures in open pit slopes in jointed rock are actually not very well related
to modelled slopes in unjointed model simulations. We are readily able to observe the
differences between real failures, often involving capable joint sets and faults, and
the idealized modelled failures, typically ‘spoon-shaped', if using currently popular
(GSI, ¢, ¢, H-B) methods.

In the writer's humble opinion it is remarkable that so many, perhaps mostly young
people, are trusting the use of GSI, H-B, and continuum models — both for tunnels
and caverns and slopes. The critique of the H-B equations presented in Barton, 2023
and partly reproduced in Figure 3 and its caption, should be noted.
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