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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 ha cally 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 prn]lk-n.hlcd 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 with
Jjustification 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

i ce lhm pu :ump]s The main focus was the

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 “creative’ 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 nificantly 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,

2022

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 Magueag, TET,
November 2021, p18). Ome sentence in pastisuas caught my attention: “We i the pace of the by
placing most of the new sections close to the surfscs rather than deep down " Some 15 years ago. | was hired to give
=dvics fo the ium which was ing with the tima-i ing and i of the shallow
Line 4 in Sao Pauke. The consequencas of mixed face, such as soil to rock in me same station (Butapta) and huge
owerbreak events dus fo the closeness to the surface in this station — and in the nearby running tunnel — were clear for all
to see. The difficulty of near-to-surface pre-injection also resulted in sbandoned houses (to this day). and big settlements.
needing infill to prevent flooded sections of two reads. The consequences of 3 ridge-of-rock crushing lattice girder support
and the resulting boss of life at the next station cavern (Eipbeiggs) is regrettably wel-known.

TUNNELS &

[

SN STVA

An iisstseiss
e

INTERNATIONAL EDITION

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

So, o the obvious question. |5 it really ‘increasing the pace’ when struggling with unstable sands and soils, and the
oceasional 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 Hang Kong?

Is the frequent 'choice’ of soil-related problems in many other metro-expansions around the world saving time and
schedule, oris it b of thy i of sail ics ower rock ics in the rosters of our geotechnical
umbrella grganisatians?

Nick Barton
Norway
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Keynote Lecture: Continuum or Discontinupm — That 1z the
Question

N E. Barton
Nick Barton and Asseciates, Osla, Narway

ABSTRACT:

Severzl decades 330 there was 2 strong focu: on the nead for glzcontimpen modelling to im-
prove upon the empirically based anslysis of excavations in jointed rock. The ramarkable codes
developed by Peter Cundall: UDEC and IDEC wers purt to fall use in the ninstsen sizhties and
nineties. Far example, Q-system based cavern support could be verified or improved with such
analyses. Of courze, theze codes praferably require kmowledze of rock mechanics and rock joimt
behaidon, and perhape familiarity with non-linear constitutive models as in UDEC-EE. Feget-
tzbly the claszic textbooks of Hoele and Eray and Hoek and Brown in thiz period were subse-
quently followed by the mggamsﬁrcmnmmdﬂlmgmmgamﬂmtﬁnahmdﬁsl—

page

for ‘' and ‘p’ mmsuﬁwmumdeiﬁemmnaﬂdmunafhaecmmmnfﬂear
sirength (as indeed in Mohr-Coulomb) in conumercial contimum codes is the final source of er-
ror of 30 marny anabyses. So-called plastic zones are exaggerated around tumnels, and rock slopes
are given saldom obzerved desp spoon-zhaped failure predictions, ignoring the fraquent infln-
ence of major discontinuities, and the usual fzilures within the slope faces. Of course, lake-bed
open-pit slope deposits or extremely westhered rock will give spoon-shaped failures a= for rock-
fill and soil, but compatent jointed rock will not fail like this: major dizcontinmities will wsnally
be involved, and wedge ar planar failures will be the nsual reality.

1 INTRODUCTION

We were advized more than 50 years ago by Brace and Miiller that cobesion is broken before
friction is fully mobilized. Gross exrors are caused by adding these components of shear sirength
when estimating the maxinmmre height of clifft apd mountain walls, Since ‘¢’ iz not the lowest
compenent of strength, ertificially lowered estimates sre needed, or tensile strength and Pods-
=on's ratio are usad (Barton and Shen, 2017). There is precious little smpirical basis far the
Hoek-Erown equations for reck mass strensth, but an excellsnt experimental basis of course for
the earlier intact rock H-B criterion. We may ask if is it logical to downgrade the strength of in-
tact rock to model rock mazses (using opagque equations with joint ronghness and mumber of
joint sets iznoved) or better to apply the equations for the shear strangth of joints and frachures
and estimate the initial cobesive contribution of intact bridges between the capa-
ble joint sets? In this lecture the suthor will be showing studies with UDEC, 3DEC, FLAC and
FLACID and FEACOD, and will be illnsrating both Jiscantinuue and contimnmm anabvses for
tunnels, cavers end open-pit slopes. An earlier than UDEC phase, with Factured (2D) models
of underground excavations, will zl=o be shown a3 an i
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Mini Review

In recent keynote lectures the author of this brief ‘opinion need to stlline the pagé-Wide 1 Bequations Has caght th' st

Jourful

plece’ has utilized variants of the title: ‘Continuum or Discontinu- "l""""r“‘ 2 Sk & w:;'l;" $%

uny - adding ‘that is the question’ and also ‘GS! or JRC? The reason  Pr0® Of StTess isribtionsand so-caled"pastic zoves' surrou
ver. In the area of rock

for such titles is the last 20 years or so of numerical modelling prac-
slope and open-pit stability the same methods (GSI, H-B, RS 2 or

tice for tunnel design and rock slope stability checks. These have
seemingly been dominated by the marketing success of the rock
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 simpl \pany has developed which is

other FEM methods) can rapidly provide ‘spoon-shaped’ and co-
lourful failure predictions, as if a slope in jointed rock is suddenly
bereft of its geologic structure and ‘falls’ 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

realistic simulation.

Figure 1: onmeuunmmmawsoasmmmmmm‘nmmmnmmmmmupmpmngm

using, -mrqam-mmem m50yenm.nwmmgnmgmemamoﬂummunnympmmummumm

with the shear strength of
mlmndauesmhmuon(;sl

help of M-C (Mohr-C

2023




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

I
Tinmie

e T

@ reamn e
Hete - Condemt

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.

~ U55
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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
thrcsgh santcryes s sitstones then ini o weided bl

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

k 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 continuum
modelling, or with the Barton-] @m based shear strength criterion for rock joints for use in
discontinuum 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 JRCo 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 modelling, 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
‘e’ 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
medhanics an
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

s related 1 joint roughnes and shear strength
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 { 1973 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

FIELLSPRENGNINGSTEENIKEK
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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 8 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.reduced by successful pre-grouting, but
not when wet shoterete 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 is 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 iz due to hydravlic
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 toe 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 50% 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,
prezsure 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; setflement-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 Mick 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-BB) 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 guestionaires 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 GSI and H-B, the easy way to lose sight of real hehaviour 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 geology.

Qn the subject of rock slope stability (Figure 2 empirical methods), the behayiaur. 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 invelving capable joint sets and faults, and
the idealized modelled failures, typically ‘spoon-shaped', if using currently popular
(G5, c, ¢, 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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Personal and ISRM memories of 30 years with Eda

Nick Barton
NB&A, Oslo, Norway

nickrbarton@hotmail.com

Abstract. Eda Quadros was president of the ISRM from 2015 to 2019. She was
also vice-president from 2003 to 2007. She was the first woman to have had either
of these ISRM roles. So as her husband from 2000 this was also something new,
and a very rewarding conference-focussed addition to our professional and pri-
vate life together. By very good fortune her strong hydraulic-testing back-ground
was also an essential addition to the author’s improved understanding of this im-
portant field, and resulted in some joint publications, including iow to reduce the
influence of hvdraulic problems, namely pre-injection. Insight from 3D permea-
bility testing performed by her at IPT during her PhD, including permeability
tensor rotation and diminution before and after grouting was a unique contribu-
tion. The present paper starts at our beginning in 1995, is partly personal, partly

ISRM and partly technical, with emphasis on her 3D work towards the end.

Fig. 1. Left: Ove Stephansson signing Eda’s sake box in Tokyo 1995. Right: Prof Sakurai, ISRM
president from 1995 to 1999 and Eda in ISRM Wroclaw, Poland in 2013, where Eda was chosen

Keywords: Eda Quadros, ISRM president, Hydrotomograph

as ISRM s first female president for the period 2015 (Montreal) to 2019 (Foz de Iguagu).
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Celebrating 50 vears of Q system development
for infrastructure design and follow-up

Nick Barton! Eystein Grimstad? Ricardo Abrahio® Neil Bar*

! Nick Barton & Associates, Oslo, Norway
? Geolog Eystein Grimstad, Oslo, Norway
*Ricardo Abrahdo Geociéneias S8, S#o Paulo, Brazil
“Gecko Geotechnics LLC, Kingstown, Saint Vincent and the Grenadines

nickrbartcon@hotmail.com

Abstract. This keynote paper reviews the many developments related to the 1974
Q-system, which was developed by the first author when at NGI 50 years ago.
Senior co-authors Lien and Lunde were essential sources of tunnelling and engi-
neering geological experience at that time. The early case records were domi-
nated by hydropower, and 50 rock types were represented. As early as 1981 min-
mg engineers suggested using the first four parameters: Q° or RQD, Jn, Jrand Ja
unchanged for contributing to stope design 1 muning. This 15 now widely used.
These four Q-parameters closely resemble relative block size and infer-block
shear strength. Thanks to major increases in tunnelling case records by co-author
Grimstad in the late eighties and early nineties, mostly Norwegian road tunnels,
the extension of Q-based single-shell NMT support to incorporate S(fr) was pub-
lLished in 1993, together with rock-burst based improvements in the SRF stress-
strength parameter. In 1995 empirical links to seismic P-wave velocity and rock
mass deformation modulus were included. with depth-dependent correction for
each. In 2000 Qraym was developed, involving the melusion of several machine-
rock interation parameters, and co-author Abrahio soon developed a user-
friendly model for Qtem prognoses of PR, AR and Time (or Utilization). In 2006
the first author published a book linking rockmass and seismic quality and at that
time the empirical method Quzo was added. allowing for depth dependent perme-
ability estimation usmg a shghtly modified Q equation. In 2007 the ratio Jn/Jr
was suggested for predicting mevitable overbreak in tunnels and caverns, when
this ratio is 6 or higher. Finally in 2015 Q-slope was published and thanks to
nearly 600 case records collected by co-author Bar we now have a widely used
method for selecting slope angles for rock cuttings, even open pit benches.

Keywords: Rockmass, Characterization, Tunnels, TBM . Slopes
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Viewpoint:
.
Dr Nick Barton, Nick Barton & Associates, Norway
Eystein Grimstad, Fomerly NGI, Norway (Retired)
Prof Krishina Panthi, Professor of Geological Engineering, Norway

‘This Comment paper is in response to the article: ey prindples for hydropower tunnel desiqn, construction and speration’by D. Brox,
published in H&D Issue 4, 2024. The letter responds to the author’s apinon on the foreign application of the Norwegian Tunnelling Methed
and addresses the concems raised.

e authors of this Comment, and other tunnellers

in Norway, were surprised at the strength of Dean
Brox's critique of the foreign application of ‘the
Norwegian Tunnelling Method', or NTM, as Brox had
understood from reading possible student lectures in
Chile given by Eivind Grov of SINTEF. We have reg-
istered some 45 publications with NMT (not NTM) in
the title, or with NMT prominently discussed, also by
some of the originators of the Q-system and its further
development, but rather surprisingly none of these has
been referred to by Brox, who based some views on
his own opinions, referencing just one research project
‘manager from Trondheim who did not develop Q or
NMT or NTM.

Before addressing some of Brox's concemns and actu-
al errors, let us consider how he would react if it was
suggested (and prominently published) that for him to
practice his opinions outside Canada would represent
“a fatal flaw’. That he should keep to “best guality
Canadian granite’, that his ‘false and dangerons” appli-
cation of such and such opinions outside Canada
would represent high risk. Brox would not appreciate
such comments, aIld nor does IJ]E Norwegian tun-
nelling uch His
paper contains plenty of valid comments on the need
o take great care with water sensitive rock and
swelling clays. That has been part of the advice within
the Q-system for 50 years and in such case Tecords
‘well before this.

Brox makes an incorrect assumption, as others have
done who do not appreciatethe details of the Q-system,
by lumping it topether with RMR and GSL, and criti-
cizing them collectively for “not providing an appro-
priate means of characterizing the long-term durabili-
ty of water sensitive bedrock with adverse mineral
constituents”. The Q-system, because of this ‘lumped
critique’ has also been criticized on previons occa-
sions, even in a European keynote lecture, for not tak-
ing into account water or stress or tunnel depth. This is
ot comect

The “fatal flaw’ opinion of Brox regarding the appli-
cation of Q-system based shotcrete permanent
recommendations, except in the case of what would
actually be self-supporting high quality Norwegian
granites, is a risky viewpomnt, as Brox seems to have
‘misunderstood several key aspects of drill-and-blast
turmels. No, we do not need to fill overbreak:, and no,
‘we do not fill so-called ‘Tock traps’ with rock, because
at least those who know better do not design with the
high flow velocities that would be ‘needed’. Another
presumed expert from Canada also questioned whether
rocks could reach the twbines when nominally
“unlined” tunnels for hydropower (NMT: unsupported
or single-shell B + Sfr) were being discussed in a court
case in Australia some years ago

It is sure that those pioneers behind the earlier 99 per

Viewpoint

cent hydropower-based electric grid in Norway dis-
covered how to avoid ‘Tocks in the turbines’ at least
100 years ago. In this connection, the Brox reference
to the problems at Hidroituango in Colombia in his
Table 1 of ‘updated collapses’ is somewhat misplaced
as it was specifically the Tesult of much too high flow
velocities (10 m/s and even preater) without invert
concrete or increased erosion protection. A velocity
even in excess of 36 km/hr and flow around a guite
sharp bend has no place in Q-system tunnel support
strategies and is far different from the 60 per cent of
hydropower case records used in Barton ef of [1974] to
develop the Q-system.

It is not known whether we can exactly equate the
Brox reference of ‘NTM' to NMT as published for
many years by the undersipned and colleagues, proba-
bly starting in World Tunne! in 1992 with multiple
authors from several Norwegtan design, owner and
contractor companies. It has become a very big NMT
reference list (> 45 publications). When the under-
signed have been authors or co-authors the publica-
tions never refer to *NTM’ only NMT (Norwegian
Method of Tunnelling). None of these NMT publica-
tions have been referenced by Brox, who has only ref-
erenced what may be a lecture on “NTM’ to students in
Chile, by Eivind Grov of SINTEF. This is what Is sug-
sested in Google. Apologies if incarrect, but the Brox
reference to Grov was not sufficient.

The Q-system and the implicit NMT that followed,
that is, ‘single-shell tunnelling (shotcrete and system-
atic bolting), with Q-based characterization for select-
ing support and support class, was strongly based on
hydropower case records from Norway and Sweden
from pre-1974 cases. (60 per cent of the case records
for developing Q in 1973 were from hydropower pro-
jects). There were 50 different rock types in the first
212 case records, and granite, though very common
was not the only commen rock type. Brox, even with
a funnelling book to his name, seems to have a very
biased (and incomect) picture of Norwegian and
Swedish tunnels. To have the opinion that the Q-sys-
tem is only reliable in high quality Norwegian gran-
ites, where actually no B+S(fr) would even be needﬁd
is clearly absurd, and is an example of his blind bias

There are now > 3500 km of hydropower tunnels in
Norway. This is much, much more than in Canada.
There are numerous Tock types involved, numerous
depths including > 1000 m, and extensive water- and
unloading-sensitive swelling minerals like montmoril-
lonite in countless hydrothermally altered weakness
and fault zones Thick multi-layered shotcrete and
appmpnare bolting, maybe in the form of RRS is the

ommended tumel support result. Brox has misun-
dEIslood RRES (rib reinforced shotcrete arches), as he
refers to a 12 to 15 em thickness. This is in error by a
factor of between 2 to 6, depending on how low the Q-
value is, and what the tunnel span is.
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Abstract

The Q-slope method for rock slope engineering provides an empirical means of assessing the stability of rock slopes in
the ficld. It enables g and engincering geologists to make adj to slope angles as ground
conditions become apparcnt during the excavation of reinforcement-free slopes in civil engincering and mining projects
Q-slope was developed by supplementing the Q-system which has been extensively used for 30 years for cheracterising rock
exposures, drill cor and tunnels under construction. The (° parameters (RQD, J,. J, and J,) have remained unchanged in
Q-slope, although a new method for applying J AU, ratios to both sides of a potential wedge is used, with relative orientation
weightings (O-factor) for each side. The term J,, has been replaced with the more compre hensive erm J, ., which takes
into account long-term cx pasure to various climatic and environmental conditions such as intense crosive rinfall and ice-
wedging efiects. SRF (strength reduction factor) categories have been developed for slope surface conditions, stress—srength
ratios and major discontinuities such as faults, weakness zones or joint swarms. Through over 600 case studies in 36 rock
types across 3 continents, a simple relationship between Q-slope and long-term stable slope angles has been established. It
includes several failure modes and applies to slopes ranging from less than 5 m to mor: than 250 m in height. This paper
discusscs Q-slope application and usc for the last 10 years. It prescnts updated Q-slope stability charts and discusses the
time-dependent behaviour of rock slopes.

Highlights

* Q-slope method now supported by a database of over 600 case studies, which is provided to the reader for their use and
future rescarch.

o Updated slope stability charts for empirically assessing rock slope stability and selecting appropriate slope angles.

* The Q-slope method for rock slope engincering has been adopted in over 45 countries around the world over the last
10 years.

Keywords Q-slope - Slope stability - Civil Mining engi ing - Rock mass i Empirical method
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Fjellsprengningskonferansen 2024
Q-BASED DEVELOPMENTS DURING THE LAST 50 YEARS
Q-BASERT UTVIKLING | L&PET AV DE SISTE 50 ARENE

Nick Barton, NB&A, Hevik, Norway

Eystein Grimstad, Geolog, Oslo, Norway

Ricardo Abrah3o Geociéncias S5, S3o Paulo, Brazil

Neil Bar, Gecko Geotechnics LLC, Kingstown, Saint Vincent and the Grenadines

SUMMARY

The Q system was published in 1974 with senior NGI colleagues Lien and Lunde. Some
details of rock mass classification will be summarized first. Co-author Grimstad was
responsible for a very extensive increase in tunnel ‘case records’ and details regarding
fibre-reinforced shotcrete S(fr) and the stress parameter SRF based on experiences
from road tunnels under high rock pressure. Design of reinforced ribs of shotcrete
(RRS) and energy absorption was published in 2002 by Grimstad. RRS wil be
illustrated and compared with steel arches and lattice girders. The Q system was
onginally based on many hydropower projects with moderate water transport rales, e.g.
15 to 25 m/s and no block transport along the invert. The nsk of erosion damage
increases when too high water flow velocities are allowed. In 1995, Qc was used to
correlate with P-wave velocity and rock mass E modulus, both corrected for depth. In
2000, Qtbm was developed in book form, and a user-friendly prediction model was soon
developed by co-author Abrahdo. TBM tunnels need prediction of both PR, which is
more common, and also time-dependent AR and utilization U, both of which are tunnel
length-dependent. Q-H20 with correlation to depth-dependent permeability is from 2006
and a textbook on rock mass and seismic quality. A later development based on Q was
Q-slope from 2015, where angles for rock cuttings and benches in open pits can be
related to Q-slope. For example, unreinforced 85°, 65°, or 45° slope angles are stable
when Q-slope is 10, 1, or 0.1. Co-author Bar is responsible for the very extensive
increase in 'Q-slope case records’.

SAMMENDRAG

Q-systemet ble utgitt i 1974 med senior NGl-kolleger Lien og Lunde. Noen detaljer om
bergm klassifisering vil opp ferste. Medforfatter Gnmstad var ansvarlig
for en meget omfattende ekning i tunnel ‘case records’ og delnljer vedrerende
fiberarment spreytebetong S(fr) og spenningsparameteren SRF basert pa erfaringer fra
veitunneler under heye bergtrykk. Design av armerte sproytebetongbuer (RRS) og
energlabsorpslon ble publisert i 2002 av Grimstad. RRS vil bli illustrert og sammenllgnet
med stilbuer og gitterdragere. Q-systemet var opprinnelig basert pa mange
vannkraftprosjekter med moderat vanntransporthastighet, f.eks. 1,5 til 2,5 m/s og ingen
blokkiransport langs sdlen. Risikoen for emspnsskader aker ndr det tillates for heye
vann hastigheter. | 1995 ble Qc brukt til & k | med P-belgeh het og
bergmasse E-modul, begge med koreksjon for dybde. | 2000 ble Gtbm utviklet i
bokform, og en brukervennlig prediksjonsmodell ble snart utviklet av medforfatter
AbrahZo. TBM-tunneler trenger prediksjon av badde PR som er mer vanlig, og ogsa
tidsavhengig AR og utnyttelse U som begge er tunnellengdeavhengige. Q-H20 med
korrelasjon il dybdeavhengig permeabilitet er fra 2006 og en leerebok om bergmasse-
og seismiskkvalitet. En senere utvikling basert p4 Q var Q-slope fra 2015, hvor vinkler
for fjellskjeeringer og benker i dagbrudd kan relateres til Q-slope. For eksempel er
uforsterkede 85°, 65° eller 45° helningsvinkler stabile ndr Q-slope er 10, 1 eller 0,1.
Medforfatter Bar er ansvarlig for den svaert omfattende skningen i 'Q-slope case
records’.
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'FROM SLIDE RULETO ARTIFICIAL INTELLIGENCE"

JRC, JCS and ¢+ (a constitutive model for rock
joints) -applications in the last 50 years

Nick Barton

ABSTRACT: This highly illustrated article, with quite limited text, is basically an abstract followed by many
figures and figure texts, with short introductions o new topics. It ends with a reference list that goes beyond
Barton and Choubey [1] — which is where many published articles “stop’ in relation to referencing the
author's work with JRC. The BB criterion which has been part of UDEC-BB since 1985 is seldom addressed.
There are by now more than 60 roughness profile-related equations in the literature. and hundreds of articles,
all addressing JRC. Many do not reference the source of JRC anymore, assuming it is an ‘established
parameter’ in rock mechanics Tt is however liberally criticised. with justification of why ‘the current
research’ was funded and reported. This article is designed to fry to put fo rest some misconceptions and
ervors made by many who see ‘the ten JRC profiles’ and assume (comectly of course) 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. 12 to 14 were just to illustrate the range of surfaces that were shear tested. During
this research [1]. 130 natural rock joints were characterized and tested, from seven different rock types. There
wete 380 other roughness profiles. since three per sample. The main focus was the accuracy of the peak shear
strength prediction We used (non-d ) gravity tilt or ) pull tests at mostly approx.
0.001MPa normal stress for comparison to the DST tests on the same samples at normal stresses of approx.
0.1 to 15MPa, 50 up to one thousand times higher stress. Tilt, push and DST are recording “real” 3D
behaviour, 2D profile predictions obviously are not. Those not teading past our 1977 article [1] miss scale
effects and coupled behaviour, which of course depends on normal stiffness and apertures. both physical and
hydraulic. Numerical modelling with the BB criterion are also missed in the widely practiced *1977 reference
truncation”_ The following figures give some examples of where JRC. JCS and ¢ have been used in the years
following 1973/1977.

Keywords: rock joints, roughness, profiles, shear strength, mumerical modelling

1apped) areas in Figure 3. At very low normal stress
this damage will not occur. As a general case the
components shown in Figure 4 will apply and have
From earlier work with the shear strength of tension been confirmed even in scale-effect studies. The Sy
fractures [2] in carefully designed brittle model component is often of similar magnitude to da [4].
‘materials it was clear that the compressive strength of
the sample was an important component of shear
strength. A basic ‘flat surface’ ¢-basic or ¢-residual
was also clearly relevant for planar joints with no
significant roughness. Finally, there was the very
important question of how to describe non-planarity
and roughness. The challenge of stability when no
significant roughness is present is illustrated in Fig 1
2 N s

1. INTRODUCTION
L1 Why a roughness-and-strength criterion

ot

sweAn stasss

Figure 1. Lack of roughness and sufficient joint sets.

Figure 3. Model tension fractures (represented by their 2D
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Abstract
The Q-slope metho for rock slope cngincering provides an cmpirical means of assessing the stablity of rock slopes in
the field. It enables gincers and engincering geologists (o make adj o slope angles as ground

conditions become apparent during the of free slopes in civil and mining projects.
Q-slope was developed by supplementing the Q-system which has been extensively used for 50 years for characterising rock
exposures, drill core and wnnels under construction. The Q' parameters (RQD, J,, J, and J,) have remained unchanged in
Q-slope, although a new method for applying J,/J, ratios 1o both sides of a potential wedge is used, with relative orientation
weightings (O-factor) for cach side. The term J_ has been replaced with the more comprehensive term Jy, .. which takes
into account long-term exposure to various climatic and environmental conditions such as intense erosive rainfall and ice-
wedging effects. SRF (strength reduction factor) categories have been developed for slope surface conditions, stress—strength
ratios and major discontinuitics such as faults, weakness zones or joint swarms. Through over 600 case studies in 36 rock
types across S continents, a simple relationship between Q-slope and long-term stable slope angles has been established. It
includes several failure modes and applies (o slopes ranging from less than 5 m 10 more than 250 m in height. This paper
discusses Q-slope application and use for the last 10 years. It presents updated Q-slope stability charts and discusses the
time-dependent behaviour of rock slopes.

Q-slope method now supported by a databasc of over 600 case studics, which is provided to the reader for their usc and
future rescarch.

Updated slope stability charts for empirically assessing rock slope stability and selecting appropriate slope angles.

The Q-slope method for rock slope engineering has been adopted in over 45 countries around the world over the last

10 years.
jords Q-slope - Slope stability - Civil engineering - Mining engincering - Rock mass - Empirical method
pe - Slope y £ P
B4 Neil Bar List of symbol
neil @geckogeotech.com Quope  Q-slope value for assessing rock slope stability
Nick Barton Quop’  Modificd Q-slope valuc that does not consider

i ton(@| il N
pickbarton@hotmail.com oricntation factors, external factors, and stress

! Gecko Geotechnics LLC, PO Box 1574, Kingstown VC0100, 4 Long:term stable slope angle in degrees
Saint Vincent and the Grenadines RQD  Rock quality designation

2 Department of Engineering Geology and Geotechnics, A Joint sets number
Budapest University of Technology and Economics, J, Joint roughness number
Micgyetem rkp. 3, 1111 Budapest, Hungary I, Joint alteration number

* Nick Barton & Associates, Fjordveien 65c. O-factor  Orientation factor for the ratio J,/J,

1363 Hovik, Oslo, Norway
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REFLECTIONS ON AN UNREALISTIC CONTINUUM BRANCH OF ROCK MECHANICS
— DISCONTINUOUS BEHAVIOUR COMPARISONS. NB&A, Rock Eng. Jan. 2025, 29p.

Abstract

There are hundreds, if not thousands of published articles in rock mechanics journals involving
Evert Hoek's GSI and the Hoek-Brown equations developed for assumed rock mass
‘parameterization’ for ‘¢’ and ‘¢’ and ‘0.’ and ‘'E modulus’. Yet the shear strength equations are
based only on a modified intact rock strength criterion. The latter is more likely to be a valid
empirical method, based as it is on thousands of triaxial tests, but it does not adequately address
rock joint behaviour as affecting perhaps 90% of rock masses. Numerous authors confidently refer
to ‘Hoek-Brown rock masses’ but in reality such may very seldom exist. After all rock masses are
jointed and may be locally faulted. A major problem is that GSI, as a result of substitution of the
three supporting equations for me, s and a, is actually ‘utilized’ respectively 16, 12 and 10 times in
the three principal H-B strength equations for 'c’, ‘¢" and “ocr.” Disturbance factor D also appears
multiple times, adding to the uncertainty and undem‘unmg credibility in relation to the more usual
‘single-time’ reference of a variable in any given equation. For instance if JRC had appeared 16
times in the Barton, 1973 peak shear strength equation for rock joints, due to ‘supperting equations’,
or JCS 12 times, the Barton-Bandis model would have never been adopted, nor indeed published
Strangely, reference to these unacceptable and error-magnifying short-comings has not been seen
in GSI-H-B literature, though may have been over-looked. (Barton, 2023). A further limitation of the
Hoek-Brown (and Mehr-Coulomb) shear strength equations is that rock masses do not reach failure
by overcoming cohesive and frictional strength simultaneously. CSFH is needed, preferably with
Joints and faults involved as in reality. Several examples of allernative UDEC-BB modelling are
shown, with graphic explanations of the more physically real input data. A progressive failure CcSs
alternative is proposed, which contrasts greatly with the unrepresentative methods so widely in use.

General concerns about GSI and H-B Equations

GS| itself is clearly a gross simplification of the complexities of rock masses, since an
arithmetic scale of 5 to 100 {(as with RMR) is inadequate when one considers the orders of
magnitude ranges of shear strength, deformation modulus and permeability. Concerning
both intact and real rock masses it is incorrect (if using Mohr-Coulomb or Hoek-Brown
criteria) to add the cohesion and friction components. One must degrade cohesion (at small
strain) and mobilise friction (at slightly larger strain) as in reality. (See latest review by
Alidaryan et al. 2023). In the case of cliffs and mountain walls in largely intact rock the

classic M-C salutions give gross errors in terms of maximum cliff and mountain wall heights,

because the cohesion of intact rock is too high and is not the weakest link. The ‘classic’ but
incorrectly interpreted crack initiation principal stress level that approximates 0.4 (+/-0.1) x
UCS should have nothing to do with UCS: crack initiation and Al acceleration is tensile
strength and Poisson ratio related. The standard '0.4 x UCS' (also used in the Q-system)
just happens to be arithmetically close to o, fv (Barton and Shen 2018). It is time to think
afresh about the failure of rock masses, as existing jointing is also involved in the process.
Black-box intact rock based algebra as in Hoek-and-Brown equations does not describe the
process, nor do continuum analyses in general. Do the nice-looking families of curves as
the complex algebra is mobilized with different GSI input actually have real value when the
basic structure of Hoek-Brown eauations is in auestion?
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Abstract

These warking in the hard, to moderately bard, md(yvuu‘l of our “gest subjects [as opposed to our nearer-surface soil specalists] inevitably

have rather aptimizing tuanelling and mining projects. The geologic complexities

arfolated 1 sometimes fuled rock i caknot b vty sl and tested in the way that sail, or concrete or steel can be brought isto

scope and mangy myriads designs and huge. This is clear ifwe

|nd|ndz transport tunnels for raad and rail, city metro when tunnels and stafions are mostly in rock, and pumped storage projects,

‘andeqgrounid and openpmining projects, and major dam projecs in sseep-ealed rver valleys. Al of them are expensiv: consiructions and mostly
inrock. Th

Bt b jng In the related civll ad i a el astzed by the

reality of a receat 2. 5 billion deller cakn when things weat badly g at 3 mmmmrpmmswm forusses om the strengths and

rock mass descript of tusmels,
the HoelBrawn GSI (geolagical strength index) and its widespread application in unrullmrhulﬂllptj p:rlnmedmnl!lulm moeks. These are

miskcadiag the owaers who pay it

% i

Rock Mass Characterization Methods RMR, Q and
GSI in 1974, and Hoel's CSI (geological strength index) originating in
‘Because of the difficulty oftesting rock masses atsufficientscale 1994 RMR and GSI share a mere or less equal numeric range of

ithas been common practicefor the last50years to usequantitave 309Ut 5 to 95 and have a jjoint condition’ description in common,
rock mass charscterization methods. Following an earfier Terzaghi adapted from Bieniawski, 1983,

2025

4 AR, Time, Tunnel Length and Geology Using

Q1em

Niclk Barton

MHEN ko, Morway

4.1 Introduction

In this chapter we will focus mare on advance rate (AF) than penstration rate
(PR, and foous on the effect of tuane] lensth and geclogical variations, and there-
fore the fimdamental guestion of time (T). Case records from 1,000km of mosthy
open-grippar TEW will be supplamented with 2 synthesis of world records for dif-
ferent sized TEM and their variztion with time. Two fimdamental guestions will
finzlly be addressed: iz it comrect to uss TEBM “becanse the tumnel iz zo lons"7 And
iz it correct to use TERL “becauze conditions will be had’T Logic suggests that in
genaral the rock mass quality statistic, for instance descibed by the Q-value, will
contain more outliers such a: more serigus fult zones, or mare cases of exception-
ally hard mazzive rock, the longer the planned nmnel. It is the owtliers that will have
the srongest influence on AF. and therafore total project time. The oy, progoosiz
method will be described and illestoated with examples, incheding Epllohensn,
where four Hegenkmeackt double-shield TEM drove approccimately Sk each. The
uze of seizmic refraction results and correlation of B wave velocin: (Vi) with O and
therafore Q. progoosis will be demanstrated.

The following symibols will be used: PR (), means the penetation rate with
contimuons baring, while AR is the actual advance rate e.g. i mAweek, m'month,
myyear. 17 is utilization which depends on machine-typa, dizmstar, seological con-
ditians and on the fime period considered, whils time T is total time: such 2z 24hrs,
158krs, T30krs, 8730 g, for 2 day, weele maonth and year. If each AF. time period
iz given in my then the nfluence of time amd tmnel lensth can be better under-
stond. 1T is very nmch a time-dependent variabls, and 74 hours tells Liftle.

The two blwe cobes in Fizmre 4.1 correspond almost exactly to the owverall mean
vzhoes of PR, AF. and UICE (200hPa) for the four double-shield TEM driving ap-
proximately 9k each at the Epllphenen, rail tammels south of Oslo. They zl=o apply
very closely to four TER at the Guadarrama rail tunnels which each nmneled 14km,
though here the TICE was more sarishle and the oversll AR was 0L35mbr. Fae
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Strengths and Weakness of NMT and NATM and due Care with
Numerical Modelling

Nick Barton

NB & 4, Fjordveien 65c, 1363 Hovik, Norway
Email: nickrbarton@hotmail.com

ABSTRACT

The Q-system was developed in 1973 from case records in which just bolts and shoterete B+5 or
B+8(mr) were the principal reinforcement and support, with concrete-lined sections reserved for
seriously faulted rock. A majority of cases were hydropower tunnels and cavemns. In 1993,
Grimstad and Barton published an overdue update incorporating B+8(fr) based on Grimstad’s
extensive collection of mostly road mnnel case records in which the revolutionary steel fiber
reinforced shotcrete was used. This represented a paradigm shift. It was already seen in 1979 in a
western Norway hydropower cavern, and in 1980 it was used for a central Norway road tunnel.
The term NMT was coined in a multi-company World Tunnelling article by Barton et al. {1992)
and alse by Grimstad and Barton (1993), NMT emphasized single-shell tunnel and cavern support
as compared to double-shell NATM with its final concrete lining, In these Norwegian updates,
RRS—ib reinforced shoterete arches were already described, and their design and selection were
subsequently improved by Grimstad and his former NGI colleagues. In this *keynote paper, the
differences between NMT and NATM will be emphasized, including the filling of over-break in
the case of NATM, but not with NMT, and the use of *soft’ unbolted lattice girders in NATM
compared to the stiffer bolted RRS arches. For water control, high-pressure pre-injection with
stable grouts is common in NMT, while drainage flecces and membranes and final concrete are
standard elements of NATM road and rail tunnels, The paper contains some eritical comments on
numerical modelling, focusing on the illogical GSI and Hoek=Brown approximations, and the
assumption that ‘plastic zone' modelling might justify adjustments to empirical design routines.
Using UDEC-BB or 3DEC more realistic behaviour is seen.

Keywords: NMT; NATM; Q; Shotcrete; RRS; GSI; UDEC-BB
* presented at the 10 Indian Rock Conference { INDOROCK) 5-7, November, 2025, New Delhi
1. INTRODUCTION
The frequent assumption of those 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
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Tunneling, Mining and Rock Slope Analyses using Q-parameters and
JRC-JCS parameters, in place of H-B and the Repeating GSI

Nick Barton

Nick Barton & Associates, Oslo, Norway
nickrbarton@hotmail.com

Abstract. This mvited opening lecture will address various as-
pects of the ISAMET-2026 conference topics. From Theme 1
Mining, these sub-themes will be partially illustrated: Rock Me-
chanics and Ground Control, Design of Surface and Under-
ground Mines, Advances in Drilling and Blasting. From Theme 3
Tunneling and Excavation, the following will be partially illus-
trated: Tunneling i Different (and Difficult) Ground Conditions,
Advances i Urban Tunneling, Tunnel Design and Planning and
Underground Spaces and Caverns. As promised by the title of the
paper, use will be made of methods developed by the author such
as the Q-system parameters. These will sometimes be utilized in
pairs for special purposes: Jn/Ir for predicting overbreak, Jr/Ja
for predicting frictional strength. The whole six-parameter Q-
formula is used when predicting tunnel and cavern single shell
(NMT) reinforcement and support, both for mining and civil con-
structions. This will be contrasted to double-shell NATM. A
truncated version of Q termed Q’, just RQD/Jn x Jr/Ja 1s utilized
for mine stope dimensioning using hydraulic radius rather than
span or height. When relating Q to the deformation modulus and
P-wave velocity, boti of which are depth- or stress-dependent,
the normalized form Qc = Q x UCS/100 1s used. This gives an
almost eight-orders of magnitude scale of rock mass quality, far
closer to the geological reality than the two 5 to 95° (approx.)
methods of RMR and GSIL Although the latter two are very
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