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Abstract

The rock mass quality Q-value was originallweleped to assist in the empirical design of tureradl cavern
reinforcement and support, but it has been usedeeeral other tasks in rock engineering in regeats. This paper
explores the application of Q and its six componmarameters, for prediction, correlation and exdfafon of site
investigation data, and for obtaining first estiegatof some input data for both jointed distinctnedat and
continuum-approximation modelling. Parameters exguohere include P-wave velocity, static modulus of
deformation, support pressure, tunnel deformatioigeon-value, and the possible cohesive and frietistrength of
rock masses, undisturbed, or as affected by unalengr excavation. The effect of depth or stressl|eard
anisotropic strength, structure and stress are addressed, and practical solutions suggestedpd@per concludes
with an evaluation of the potential improvementsack mass properties and reduced support needs cém be
expected from state-of-the-art pre-injection witimef cementicious multi-grouts, based on measur&meh
permeability tensor principle value rotations aaductions, caused by grout penetration of the leasturable joint
sets. Several slightly improved Q-parameter ratifogsn the basis of the predicted improvements inegal rock

mass properties that can be achieved by pre-gigutin
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Nomenclature

A deformation measured in tunnel or cavern (relaaetimension of excavation span)
AW vertical component of deformation

AT horizontal component of deformation (assume hfatfasizontal convergence)

A joint spacing (1)

y rock mass density (tfn



Oc uniaxial compression strength (MPa)
SIGMA., rock mass compression strength based on compnefsiare of the intact portions (only an estimate
since no hard data)

SIGMA;,, rock mass compression strength based on tefadilee of the intact portions (only an estimatecg no

hard data)
Oh horizontal component of stress (relevant to pnobtensidered)
o, radial stress around an excavation in rock
oy vertical principal stress
(0] friction angle of joint or discontinuity (peak post peak, relevant to the conditions)
‘@ friction angle of rock mass (degre¥sstimated from RMR)
(0} residual friction angle of a joint
3DEC three-dimensional distinct element code fodetling jointed rock masses
B systematically spaced steel rock bolt
BB Barton-Bandis constitutive model for rock jointsed with UDEC
‘c’ cohesion of rock mass (MPa, estimated from RMR)
CcC cohesive component of rock mass strength (Mirandy RQD, J, SRF ands/100)
CCA cast concrete arches
Eayn dynamic modulus of deformation
E mass static modulus of deformation
E average physical aperture of a joint
e hydraulic aperture
EDZ excavation disturbed zone
ESR excavation support ratio (see Q-support chart)
FC frictional component of rock mass strength (degt, given by J J, and J)
FEM finite element method of numerical modelling
FLAC two-dimensional continuum code for modellingadl or large deformations in rock or soil

FLAC®® three-dimensional continuum code for modelling $malarge deformations in rock or soil

FRP fibre reinforced plastic bolts



GSlI

ISO

IPT

JCS

Kint
Kmax

Kmin

MPBX
NATM
NGI

NMT

Qc
Qo
Qseis

Q

geological strength index

with + or — implies dilation or contraction whéaded in shear

point load index for 50mm size samples (highosatfo,/Isogive O¢m > Oym)

Institute of Technological Research (Sao Paulo)

rating for joint alteration, discontinuity fillin¢pf least favourable set or discontinuity)
joint wall compression strength

rating for number of joint sets

rating for joint surface roughness (of least faable set or discontinuity)

joint roughness coefficient

rating for water softening, inflow and pressuife&s

permeability (units m/s)

intermediate principal permeability

maximum principal permeability

minimum principal permeability

ratio ofay/o,

Lugeon unit of water injection (I/min/m/1IMPa} (0’ m/s in units of permeability)
multiple position borehole extensometer

New Austrian tunnelling method for weaker rd@&+S(mr) or S(fr), monitoring, and final CCA lirgg
Norwegian Geotechnical Institute (Oslo)

Norwegian method of tunnelling for stronger kq®-classification, and final B+Sfr)
support pressure - estimate of required radiphcity of support, e.g. B+S(fr)

rock mass quality rating (range™1® 10*)

rock mass quality rating (Q , or,Qnormalized by, /100)

Q calculated with RQPoriented in the loading or measurement direction

seismic quality factor — the inverse of attenuatjosed by geophysicists, normally with the P- &ad
wave components ‘Qand ‘Q;, and the coda wave 'Q

rock mass quality rating (Q , o, @normalized bys, /4) (should be used for strongly anisotropic rock

types)



RMi rock mass index

RMR rock mass rating

RQD rock quality designation

RQD, RQD oriented in the loading or measurement dioectiin the Qsvw model it is in the tunnelling
direction)

RRS steel rib-reinforced-shotcrete arches

S(fr) steel fibre reinforced sprayed concrete

S(mr) steel mesh reinforced shotcrete

SIGMA.,, rock mass compression strength based on compnefssiore of the intact portions (only an estimate
since no hard data)

SIGMA;,, rock mass compression strength based on tdadilee of the intact portions (only an estimatecg no
hard data)

SKB Swedish Nuclear Fuel Co. (Stockholm)

SPAN or HEIGHT are the horizontal or vertical dirs&ms of a tunnel or cavern

SRF rating for faulting, strength/stress ratiosjesying, swelling

TBM tunnel boring machine

UDEC universal distinct element code, for modellantyvo-dimensional, 1m thick slice of the rock mass
Vp P-wave seismic velocity (km/s)

Vs S-wave seismic velocity (km/s)

1 Introduction

The traditional application of the six-parametexv&e in rock engineering is for selecting suitgabbmbinations of

shotcrete and rock bolts for rock mass reinforcenmerd support. This is specifically the permandmtirg’

estimation for tunnels or caverns in rock, and iydior civil engineering projects.

The Q-value is estimated from the following expi@ss



RQD_ I Jw (1)
J, J, SRF

Q

where : RQD is the % of competent drill-core stiek$00 mm in lengtiil] in a selected domain
J, = the rating for the number of joint sets (9 fage8s, 4 for 2 sets etc.) in the same domain
J = the rating for the roughness of the least faablar of these joint sets or filled discontinuities
J, = the rating for the degree of alteration or difing of the least favourable joint set or filletiscontinuity
Jy = the rating for the water inflow and pressureetf§, which may cause outwash of discontinuityllin§s
SRF = the rating for faulting, for strength/stresos in hard massive rocks, for squeezing osfeglling
The above ratings, and some important new footnaies given in full in the Appendix. The three dants

appearing in equation 1 have the following generapecific role :

RQD / J, =relative block size (useful for distinguishimgassive, rock-burst-prone rock)
J /1 J, = relative frictional strength (of the least éavable joint set or filled discontinuity)

Jv / SRF = relative effects of water, faulting, stythristress ratio, squeezing or swelling (an ‘a&cttress’ term)

An alternative combination of these three quotieintswo groups only, has been found to give fundatale
properties for describing the shear strength of masses. This aspect will be described towardeieof the paper,
after exploring a number of simple correlationswsstn engineering parameters and Q-values, the taitenalized
to the form Q, for improved sensitivity to widely varying uniaicompression strengths.

The first two quotients RQD/&nd JJ, are often used in a stope design method in théngindustry, but their
representation of ‘relative block size’ and ‘intédock shear resistance’ are not sufficient desionig of the degree
of instability. The possible presence of water ahthults or adverse stress (both too high or twe) Ineed also to be
included, at least when these are pref@ntThe original difficulty of matching support needben using only four
or five of the original parameters were used, $& akcalled.

The development of the Q-system in the early sés®[8], followed a period of pre-occupation with the shea
strength of rock joints and of clay-filled discomiities. Perhaps for this reason the three roadlotd- contact

categories of Jand J (seen in Tables 3 and 4 in the Appendix) seemnture a sensible weighting of this most



important of rock mass parameters, namely the steséstance of the least favourable joints ordiltkscontinuities.
The potentially dilatant character of many joindés\d the often contractile character of filled distbouities, is
captured in the ratio Jr/Ja, which resembles aattitaor contractile coefficient of friction.

The original 212 case records of tunnels and cavigom 50 different rock typdgl], were each analysed several
times, during the six month period needed for dgwmelent of the Q-parameters. This was in order librede and re-
calibrate the ratings, to match the final Q-valith the support and reinforcement needs. Paramatiegs needed
successive fine-tuning, to bring the ‘all-encompagsQ-value into reasonable correspondence with riecessary
level of rock reinforcement (fully grouted rock tg)land with the necessary level of shotcrete aciaie support for
the excavated perimeters (arch, walls and sometingeisivert as well).

The early set of 212 case records were derived figreriod (approximately 1960 to 1973) when pldiatsrete
(S), or steel-mesh reinforced shotcrete, termed)Son cast concrete arches, termed CCA, were faretinnel and
cavern support, together with various types of rboks. Since the 1993 update of support recomuat@s with
1050 new case recor{ls], the superficial support has undergone a revataty improvement to mostly steel-fibre
reinforced sprayed concrete, termed S(fr) in plafc&(mr). Cured cube strength qualities of 35 toMIBa or more
are now readily available with wet process, midiosibearing, and non-alkali accelerated sprayatciete. The
updated Q-support chart is shown in Figure 1. & case records were collected over a periodwafrabyears by
Grimstad of NGI, from tunnels that wemet designed by the Q-systdifl.

Despite the significant number of new case recatdsas hardly found necessary to make any chatgése 20-
year old Q-parameter ratings. Just three of thength/stress SRF ratings were increased to bringsire (high
RQD/J) rock masses under extremely high stress suffigidiar ‘to the left’ in the support chart to recei
appropriate quantities of systematic bolting (B)daS(fr). Previously, such cases were supportednirentirely

different way, and were treated in a footnot§3 prior to the development of S(fr) at the endhaf seventies.

2. Numerical modelling needs

During the period leading up to the developmenthefupdated support methods detailed in Figurbelwriter was

involved in an increasing number of projects teajuired numerical verification of the empiricahtiel and cavern



designs. Motorway tunnels in Norway, Hong Kong dagan, caverns in Israel and England, and the @2rsngpan
Gjavik cavern in Norway6], figured prominently in an identification of théwous need for improved correlations
between rock mass classification, general sitesitigation data, and the final input data for distielement (i.e.
jointed) two-dimensional (UDEC-BB) and three-dimiensi (3DEC) models developed principally by Cumhdal

Although the dominant joint sets were generally eiledi using the JRC, JCS agdindex parameters and the
Barton-Bandis constitutive model, or using derivddhr-Coulomb parameters for 3DEC, there was a rfeedc
measure of rock mass deformation modulus that atedifor the normally rather small scale (a fed) of jointed
rock that occurred between the more dominant bdeldspaced joints. The former would be responsfbtea
reduced RQD if drilled through, and would normdiky the subject of plate load tests, beneath wihieketmay often
be few of the dominant joints that have to be repnéed in say, a 50 x 100 metres, 2-D numericallsimon.

A graphic example of this ‘scale effect’ is showrFigure 2. While the logged values of RQD apdhdist include
all scales of the rock mass structure, every detaihot be modelled discretely, and one is forceth¢lude in a
distinct element model only the joint sets assurnmedhave most influence on, for example, the stgbif the
modelled tunnels or cavern. A representative védnehe modulus of deformation of a limited rock seavolume is
still required, onto which will be superimposed theger scale ‘REV’ (representative elementary wuod) response
of the rock mass as a whole, in which a fault miglsio be modelled, if close enough to the excamatinder
investigation. The stiffness of the fully consoligih major joint sets is likely to modify the assulmaodulus of
deformation, and may also give anisotropic defoiilitgbi.e. details not usually captured in continma modelling.

The less dominant jointing is reflected in a redlu@value, and in a reduced P-wave velocity)(&hd static
modulus of deformation. We will define the lattar B,.ssin this paper, to distinguish it from Young’s mdukiand
from the physical joint aperture (E), where E>e mooth parallel plate hydraulic aperture usethéncubic law.
This inequality is due to effects of joint rougheedRC, and flow tortuosity around areas of rockettk contac{7]

which will be addressed when discussing grouting.

3. Correlation of Q with V,

In view of the importance of the site investigatiphase that precedes preliminary design, and whigks

indications of the need for additional hydrogeotoigiformation, we will start this exploration of €rrelations with



an investigation of seismic velocity. Some recerg@neples of available seismic techniques have baemgdn this
Journal (vol. 38, No. 6, Sept 2001) and will beeredd to shortly.

If shallow seismic refraction data, or deeper stosle tomography, or VSP, can be extrapolated &gnms of one
or more correlations between Q ang, ¥hen some of the uncertainties in tunnelling aveen design could be
removed. However, there are several potential l[@ffavhich have led some to assume that seismia dwy be
unreliable. The truth is probably that the phys$iage not been understood.

Based on data from hard rock tunnelling projectsémeral countries, including the 62m span Gjgkecn in
Norway where NGI performed seismic tomography eme logging, a preliminary hard rock correlatiagivieeen Q

and \, was suggested]:

Vp=35+logQ (2)

where V4 is in units of km/s. (Note : all logarithmic terrase log, in this paper).

Important clues supporting this relation were sgbeatly discovered from extensive earlier work lpggden and
co-workers[9], who had presented,VRQD and joint frequencyA(m™) data from 120km of seismic refraction
profiles and 2.8km of adjacent core data. FiguresBaws the mean trends of this data (with somehtslig
extrapolations by the writer). Along the x- axesboth figures is appended the simplg & Q relation given by
equation 2.

The above relation between, &d Q was subsequently generalised to include tiwatkcould be weaker or even
stronger than the assumed ‘hard’ rock. Normalisatib the Q-value was tested, using 100 MPa as #né fock

norm. For improving correlation to engineering paegers, as described in this paperw@s finally defined as:

Qc:Qx_ (3)

which means that., the uniaxial compressive strength, is contribytio the description of quality, even when the
strength/stress ratio is insufficient to ‘mobilizzh SRF-value > 1.0, as in the normal Q-paramétaisification for

tunnel support selection, which remains unaffetigthe Qc term.



The uniaxial compressive strength, which is easym@asure or estimate, correlates strongly with Y&in
modulus, and therefore figures quite strongly irpiiaving the estimates of velocities (and defornratimoduli).
Uniaxial compressive strength also tends to caeldth porosity and density, both of which cortelandependently

with seismic velocity. The improved Q 4 ¥orrelation is simply:

V, =35+logQ, (4)

This equation forms the central core of the integia/,-Q (and modulus) relationship shown in Figure 4alTand
error fitting of a depth correction (a +ve correali and a porosity correction (a —ve correction¥ warformed using
both low velocity and high velocity rocks, and thosith significant or negligible porosities. Chahmennel chalk
marl, various chalks from Isra¢l(], sandstones and shales from China and Japanteyamd gneisses from
Norway and Hong Kong, and ignimbrites and tuffsnfrEngland and Hong Kong were among the most premin

sets of seismic data where Q-values had also logged by the writer, and by others.

4. Effect of depth or stress on ¥

Increased depth or stress tends to incregder\any given RQDA (m') , or Q-value. However, when the rock is
very weak ‘seismic closure’ of the joints will ogcat shallow depth, while stronger rocks will regugreater depths
to reach ‘stable’ velocitiegl2]. Deformable features like clay-bearing faults rhayso compacted at many hundreds
of meters depth that they may be ‘invisible’ tosseic velocity tomography carried out ahead of aggling TBM
(viz. Pont Ventoux in Italy). Months of delay wheunnelling, where Yis supposedly in excess of 4.5 km/s,
obviously requires a depth correction, as showFigpire 4.

Occasionally, a set of velocity data may demonsifa¢ depth or stress effect, without the naggmgptlabout the
actual effect of the improved qualities that magampany the depth increase. Important data fromGhianor
Tunnel in Lower ChalK13], are reproduced in Figure 5. The moderately irsgdaverburden produced an expected
velocity increase, yet in this case the joint freoey actuallyincreasedwith depth. Stress increase alone apparently

caused the increase in.V



Some of the seismic tomography and depth-effecdsmed at the Gjgvik cavern s[ are reproduced in Figure
6. Despite no systematic increase in RQD or deer&as (M), or increase in Q-value in the first 60 metehg, P-
wave velocity increased by almost 2 km/s adjacentrte of the vertical boreholes. The key to undecing this
strong depth effect is that both the minor, anceestly the major horizontal stress increased twesd MPa over
the same depth interval. The predominapt(3) joint sets in the 60 to 90 MPa tectonizedigm&vere of the steeply
dipping, conjugate variety. These were rapidly Imeicgy acoustically ‘closed’ by the high horizonttdesses.

Having established a case for a depth (and po)asityection to ¥, as shown in Figure 4, two examples will be

given to illustrate the method :

Assume the followingQ-value = 10 (core from 250m depth);= 10 MPa; porosity = 11%; & 10x10/100 = 1.0.

The 250m depth line (Figure 4) shows2/4.7 km/s when @= 1.0 (this is a potential 1.2 km/s increase alibee
equation 4 reference line). Porosity of 11% requiereduction of about 0.9 km/s for this same Qm predicted
down-hole velocity would therefore be 3.5 + 1.2 9 & 3.8 km/s. The procedure needs to be reverdezhw
estimating a Q-value from a down-hole ¢tressedrelocity).

For example, at 500m depth, a stressg@f\6.0 km/s would imply a Qof 1.0 if there was negligible porosity
(nominal 1%). The Q-value should be about equ&t& 100/@.) by reversing equation 3. In other words Q = 4&.if
= 25 MPa. The estimate of,@limbs higher than 1.0 if there is porosity > 1fGhe porosity was 8%, (Zould be as
high as 10, based on the balance of velocities4i®+ 1.0 — 0.5 = 5.0 km/s). The Q-value miglenthbe as high as
10 x 100/25 = 40.

At SKB's Aspd ZEDEX (zone of excavation disturbance expertrireSBweden), stressed velocities of about 5.9 to
6.2 km/s were recorded by Cosma and colleafli®d 6§, using numerous, long radial holes drilled frora ftelected
sections of the drill-and-blast and TBM tunnelsisT¢ross-hole tomography was performed at neaymi8epth in
diorites and granites ranging in strength from aldat0 to 260 MPa. The principal stresses were aqipiately 32,
17 and 10 MPa. In this case we have to considé&neassor depth correction, and the positive infageof the hard,

non-porous rocks. Inspection of Figure 4 showsttaiequation of the 500m depth line is given by :

V, =50+ 05log Q, )

1C



This 500m line could represent the mean of the giviacipal stresses of 10 and 17 MPa. If Qc wasigis as 60 to
250, the measured velocities of 5.9 to 6.2 km/slavbe ‘explained’. However, using tloe range of 170 to 260 MPa,
and the @normalization, a narrower Q-value range of 35 ta9fredicted. The second of these values is perhap
twice as high as logged, while the first valuegialistic.

When logging tacharacterizea deep site, as opposed to Q-logging for empiticahel design, one should use the
SRF value of 0.5, which is appropriate to ‘highest, tight structure’, as shown in Table 6a inAppendix, and in
relevant footnotes. This will tend to give a higli@ivalue (a virgin Q-value) unassociated with thhess changes
caused by excavation, which may cause the mobdizaif a higher SRF value that is appropriate fowmpeical
selection of support in a stress-fractured, bu¢tise massive rock mass.

The above examples are given in order to show rtigoitance ofot assuming that seismic measurements are
giving ‘misleading’ results. Such was the case mdgen Norway, in a dry sub-sea tunnel, acted gralsignificant
depth of sea water ‘cover’, where high velocitiesasured from the seabed, gave a misleading impres$igood
quality rock masses, giving the contractor reasoregret the low bid price. If the rock mass hadrbsaturated, a
much lower velocity would have been recorded, gjvdnmore correct impression of the actual bad ¢iamdi.

In the same way, one should also be open to thsilplity that the major principal stress of 32 M&athe Aspo
ZEDEX site, may be causing a physically explainadeitional closure of one of the two or more ja@sts, giving
for example, an ‘equivalent depth’ of at least 1906 Figure 4. With Y= 6.2 km/s, Q= 100 ando, = 260 MPa, the

predicted Q-value of about 38 is just where it $tdne on the 18to 10° Q-scale; typical of many logged values.

5. Correlation of Q with E ass

There have been several stages in the developniestnpirical models that relate fss the static modulus of

deformation modulus, and the rock mass quality $ersuch as RMR which arrived first in 1973, and Qick

followed independently a year later. Here , we wihcentrate mostly on Q-value relations, the fifstvhich for

mean values of modulus, was simply:
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E mass = 25log Q (6)

Naturally, this 1980 relatiofil7] was only applicable to Q >1 and generally hardksodt served very well for
instance in UDEC-BB distinct element modelling loé tGjavik caverrj18], but already a need for a depth or stress
correction was recognized, and three values of tngduere used, increasing from 20 GPa in the nedace to 40
GPa at depth.

An earlier 1978 equation relating.fssand RMR[19] was also designed for only the upper end of ttadityiscale

E mass= 2 RMR —100 @)

and was only applicable to RMR>50. The latter isvaf in Figure 7, to contrast with the subsequentugoese

improvement and generalizatip2Q]:

— 10(RMR—10)/40 ®)

Emass -

and the later @based improvement, using the normalization of@hrealue given by equation Bl1, 27 :

Ernass=10Qc"" ©)

The values of E.sstabulated on the right-hand side of Figure 4.{Emean) are derived from equation 9. Note
their strong non-linearity compared to the linegrsWale. Note also the adjacent table gf.& (min) values that
were given specifically to account for ‘inexplicgblow values of modulugll]. In fact the latter are due to the
effects of excessive loosening or EDZ (excavatimtudbed zone). Low moduli and low velocities idati®n to
assumed (i.e. logged) rock mass qualities can batdatively explained by the excessive developnedrpint
‘porosity’ or slight voidage, which affects two ¢iie three potential velocity components (through aaid/or
water), and also gives unexpectedly lower normiffiness due to the non-linearity and hysteretic evébur of

slightly sheared and/or opened joifitg], [22].
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The two curves shown in Figure 7 are seen to coaléx Q-values less than 1 and RMR less thanfStne

applies the conversidi 1] between Q and RMR shown in Figure 7 , which glweelimination of RMR :

E _ 10(15log Q+40)/40 (10)

mass —

For example, when Q = 0.1 or 0.01 (and log Q isaétpu-1 or -2) RMR is predicted to be 35 or 2Gspectively,
which will be seen by inspection to give the samefiicients in equations 8 and 10, giving equaldp&ons of
Enas= 4.2 and 1.8 GPa, respectively.

For Q-values above 1.0 and RMR above 50, the @befiis diverge, and equation 9 gives a more contieev
value of modulusyunlessa;, > 100 MPa.Conversely, ifo. is less than 100MPa, as it usually will be wheckris of
very poor quality, equation 9 will then give a picdedd modulus lower than equation 8. This in faahé€cessary, as an
assumed minimum RMR of about 10 will give a preseticmodulus no lower than 1.0 GPa, although uséef t
adverse (and negative) orientation term cdbkbretically give negative RMR, though if23], the lowest class is
referred to as RMR<20, i.e. presumably not so closzro.

Pushing the limits of equation 9, we could considgr= 0.001 (exceptionally poor quality) and thaiting range
for very weak rocks ob. = 0.25 to 1.0 MPa. An extreme lower boung r@nge of 0.0000025 to 0.00001 (from
equation 3) gives a predicted minimum range fockronasses’ of E.ss= 0.14 to 0.22 GPa. This is close to the

lowest values measured or back-calculated (in tilinge from some of the young geologies of Japad @aiwan

[12].

6. Effects of stress and deformation on modulus aneelocity

Thus far, the above discussion of deformation miduag been devoid of depth or stress effects,ast lbeyond the
typical plate load or tunnel relaxation magnitutiwever there is evidence from deeper instrumetiadels in
competent rocks (where excavation disturbance Isagetrolled though never eliminated) that defotima moduli
will also be subject to the positive effects of thepr stress effects, and the negative effectsoobgity. There is

evidence for this beyond the EDZ-affected, redunedulus zone close to the opening, which also diwesr V.
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The magnitude of depth-dependent moduli interprétma three radial MPBX in a 1.6 km deep shaft iragzites
[24], varied from less than 2 GPa to more than 70 @GP@ke an extreme example. Perhaps we shoulcrgathe
n>1% porosity lines in Figure 4 to partly explaivese EDZ and joint-porosity cases. Because of Irattiess loss
near the opening, we are already below the equivatear-surface, low stress’ line of nominal 25apth, and from
there to the walls of the excavation, we have tloeegasingly negative effect of increased joint gy which may
be largely unseen in relation to the logged rocksrguality.

Near-surface seismic refraction data for artifigiatripped rock foundations, together with relat@dogging, do
indeed suggest the need for sub-25m depth, andl®o >porosity lines of Y versus Q for shallow foundations,
following the trends shown in Figure 4. Low fouridatloads may also mobilize only the correspondirigiver
ranges of deformation moduli. An SRF value of 2Bpropriate to the characterization of ‘low stressar-surface’
conditions (from Table 6b, and related footnoteshien Appendix) would be the most correct existiating for Q-
value estimation in such cases, though one magieted to use a higher SRF value (such as 5 or E¥ewhen
within a very few meters of the surface, to mowsely correlate with even lower moduli and vel@sti(lt should be
noted that high values of SRF for loosening, amgh ialues for adverse strength / stress ratioshraxadly speaking

for similar purposes, namely to describe low-stdi®gen, or high-stress-driven loosening.)

Over the past fifty years or so, numerous invesitgs of arch dam abutments have utilized simgiensic cross-
hole (non-tomographic) measurements to extrapdhsestatic modulus of deformation results obtaifredh plate
loading tests, to other parts of the foundation.niiauch cases have recently been reviejd&dl. Such studies
confirm the well-documented shortcomings of dynammodulus estimates for civil engineering designrack
masses. When the compressional wavg) @nd shear wave (Y velocities are used, with rock density, in the

classic elastic (small strain) equation for cadtinlg thedynamicYoung’'s modulus (see compilations of equations in

[12]):

2
V
i) -
. (11)
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significant over-estimates of the required modudus obtained. The requirextatic modulus of deformation is
usually obtained from high pressure plate loadamgd(similar) tests performed in carefully excavatst adits. The
over-estimation of modulus is greatest for low gyalock masses at shallow depth, and least foekewt quality
rock masses (e.g. Q > 100) measured at greatenddepomparison of the three dynamic (Young’s, slaar bulk)

moduli is given if9].

In order to bypass this site characterization cliffiy of Ey, > Enass, various empirical equations have been
developed over the years, some of them for ‘caoatof the dynamic moduli, others for estimatirtgtsc moduli
directly from rock mass quality measures such aDRQ 17. Such estimates can then be used together with the
seismic P-wave velocities, for extrapolation of thiglcore-estimated moduli to ‘inaccessible’ pavfshe rock mass.
Although RQD, as a single parameter, is a quitesifea measure of rock mass quality for rock engiirey
problems, it has undoubtedly been ‘broadened’ opedy incorporation in RMR (as a rating) and in(dectly).
Since we have achieved an improved correlation é&tEn.ssand Q, and between Yand Q , it is logical to

investigate a direct linkage betweeg.gand \j for use in civil engineering site investigations.
In Figure 4, the assumption is made that seismiicitg V;,, and the static modulus of deformation are intefyat
inter-related. This supposition is first presengcelimination of Q (i.e. elimination of Q and,) between equations

4 and 9, then by making a further assumption oflaimeffects of porosity and depth on &hd E..ss The equation

that is assumed to link\nd Eyassis therefore :

E mass=10%10(P~38)3 (12)

The units of Bassremain as GPa , and, s km/s. Table 1 shows this inter-relationship, lamg each parameter may

vary with the Q value, according to the source equations 4 and 9.

15



Table 1. Inter-relationships betweep, ¥massand Q, based on equations 4, 9 and 12.

Q. 0.001 0.01 0.1 1.0 10 100 1000
Vp 0.5 1.5 2.5 3.5 4.5 5.5 6.5 km/s
E mass 1.0 2.2 4.6 10 215 46.4 100 GPa

Note: nominal porosity = 1%, and nominal depth m25

There is seen to be an approximate doubling ofrtbéulus and an increase of 1 km/s for each ten-fiottdease of
Q.. Depths greater than the nominal 25m for shallefsaction seismic, and porosities more than theinalthard
rock reference of 1% will have respectively, additand subtractive effects on the above, followting graphic
scheme shown in Figure 4.

The combined effects of depth or stress that alievesl to act on Yand E nass, can best be demonstrated by an
example. The example is relevant to a generic anclaste repository of 500m depth. It is desigredemonstrate
the usual differences between conventional opirffaraning one based on a near-surface or mediurss sti&a
base) and depth or stress affected data. Thisistably harder to find, since based on specigjegts such as the
SKB Aspt ZEDEX project, or the UK Nirex Ltd Sellefil repository investigations, where in each casspctross-
hole seismic tomography was performed, and Q-galuere known in detail from many kilometres of ctogging,
[15, 16, and 25

Back-analysis of any deformations that have beeasmred gives the third leg of the data, which tloeee
includes Q-logging of core from the deep boreholdsep cross-hole seismic tomography, and the MPBX
extensometer data needed to back-calculate likefigrohation moduli. In the case of the Aspd ZEDEXjpct[16],
there were also the results of excavation loggihghe Q-value. The mainly sub-millimetre size of asared
deformations, imply very high ‘stressed’ moduli,istihmay be of the order of 60 GPa, based on simogfinuum
modelling.

For demonstration of potential depth effects, wik aisume logged Q-values of 1, 5, and 20 and spomdingo,
values of 100, 200 and 200 MPa. Following equa8optthis means Qvalues of 1, 10 and 40. Table 2 shows the
estimated depth effect, and demonstrates the reedet data or predictions from depths relevanh¢oproblem, in

this case 500m.
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Table 2. Contrasting predictions of near-surfaoé, @eep or highly stressed velocities and modakghd on Figure 4.

A. P-wave Velocity Y (km/s)

25m depth V,=3.5+log Q 500m depth V,=5.0+0.5log @
Qe Vp Q Vp
1 3.5 1 5.0
10 4.5 10 5.5
40 5.0 40 5.8

B. Static Deformation Modulusgs(GPa)

25mdepth : Fass= 10 Q° 500m depth: Fass= 10x 15105100 Q) /3
Qe Emass Q Emass
1 10 1 12
10 22 10 46
40 34 40 58

These stressed moduli and velocities are stricttycharacterizing rock masses at depth. The ineceasoduli may
be found to be representative of ‘at depth’ defdioms , unless significant excavation disturbarsceausing general
loosening effects, like the increased joint posodiscussed earlier. It is also possible that déifé (i.e. high) SRF
values are mobilized by adverse strength to strasgs. Severe stress slabbing around excavatiomsassive
highly stressed rock, will be difficult to represeorrectly in any numerical model. However, oneyrpeesume that
in the radial ¢;) direction, both the velocity (Y and the deformation modulus (&) will be much reduced,
especially in the outer few meters.

One may hope that this excavation effect in higithgssed massive rock, is partly ‘taken care oftHeyhigh SRF
values (shown in Table 6b in the Appendix), bus thii course is optimistic. The high SRF value waulény case
need to be depth-or-radius limited, just as thedrfee yielding (end-anchored) rock bolts is limitesl some few
meters, usually in the range of %2 to 1 radius @séhhard rock cases.

In softer, less competent rock masses that magissffueezing even at moderate depth, a much thicKerder’
of sheared and fractured ground may be involveds Istandard practice in countries like Japan, Widttiary

sediments prone to squeezing, to diverge motoraagd in the approach to a tunnel with significartrburden, so
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that there are some five diameters of pillar betwde two tunnels. This is to avoid unwanted intgoas when
driving the tunnels, of which there have been many.

There is direct evidence from the Pinglin TunneTawan, of the potential for at least two diamstef sheared
ground, judging from the closure of the 25m distaifit tunnel when advancing one of the main tusnéi such
cases there would be a corresponding tendency fioicker ‘cylinder’ of modulus, strength and velycieduction
(and probably permeability increase). An elevatsgueezing SRF’ value would need to apply to thichmiarger
volume. The length of appropriate rock bolts, pratiéy of the yielding variety like RFP (fibre-reorted plastic)
would also be increased to assist in the eventahilization.

Fully grouted steel bolts of at least a tunnel dgiamin length, in a 1000m deep tunnel in Japagistered’ a
thick cylinder of yielding ground, due to both sqmmg and some swelling of the heavily stressedrdtiermally
altered granite. In retrospect, the bolts provedeaoo stiff when fully grouted, and due to maawgdile failures,
there was a requirement for more than 1 km of kmdtsrunning meter of tunng26]. This is also evidence of a thick
disturbed zone, probably also having the changgsraferties discussed above. In the non-NATM sectibthe
same tunnel, a much stiffer double-bottom-headiepgadese method of tunnelling, using mass-concretedded
steel arches of almost 1 meter in section, resuttesiuch smaller strains (but probably bigger supjpoessure)
which most likely would have reduced the thickne§she EDZ, and perhaps altered some of the abovpepy
changes tancreasesdue to high tangential stresses closer to thaing§l2].

Clearly we must also be aware that each of thesenpal property changes may tend to be anisotatigic
distributed. The modeller's description of a sdewl‘plastic’ zone may in reality be localized ‘Iagpiral’ shear
surfaces or zones of block rotation, as observedectively in physical models of continua for barehstability
[27], and in discontinua used for modelling tunnels eaxkrng28].

When contemplating using ‘stressed’ moduli in nucamodels such as UDEC-BB or 3DEC, where a tamgpt
alternative for some modellers might be an FEM,AELor FLAC3D continuum model, one should be awdrthe
consequences of using the above, isotropic, sttessxluli. The distinct element models will develiyir own,
perhaps anisotropic EDZ, following the near-excieatresponse of the modelled jointing. In other dgrif
numerical plate loading tests or velocity measurements weareied out, the jointed models would certainlyeggiv
evidence of reduced fssand \j, perhaps with anisotropic distributions. This lre@’ cannot be registered correctly

in continuum models, even when inserting a moremedble zone adjacent to the future excavationsrdimay
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then also be problems with artificial responsehi@ tase of anisotropic stresses. Artificial bulgingy occur due to
the lower moduli applied close to the excavatidree bulging is unlikely to be across the same dtames in reality,

if jointing is involved.

7. Effects of anisotropy on V, E nassand rock mass strength

It is unfortunately easy to forget the consequermeanisotropic rock material and rock mass proegrivhen
contemplating the use of classification methoddéddve ballpark input data for numerical modelsfar empirical
design. In the laboratory sample, foliation andistcleity and sedimentation layering may each ginisatropic E-
moduli, anisotropic Y, and quite variable ratios of/lso, or compressive to point load tensile stren§ilzs 29.

At rock mass scale, anisotropic horizontal princiteesses, probably combined with anisotropicdlbtributed
joint set frequencies and joint set properties| teihd to give anisotropic velocities, moduli anerpeability, the
latter especially marked sometimes, due to theitdétysof joint apertures to stress, and the ‘aiiendency of flow
rate in relation to joint aperture. Ratios of pipat permeability tensor magnitudes in the rang® 200, using

multiple-hole hydrotomography methods, have begunlegly recorded in Braz[I3Q].

When velocity profiles are measured at 15 or 30relegntervals around the compass, elliptical distions of
velocity tend to be recordd@1, 33. This may be a combination of obviously dominambting trends, and in situ
stress anisotropy, the two of which may be linRéelocity anisotropy of 0.5 or even 1.0 km/s mayrégistered.

In other situations caused by cyclical beddingayf marl and sandstone, perpendicular and parabelsorement
of deformation modulus beneath instrumented plata Itests[33], clearly show the anisotropy (in this case,
orthotropy) of both E.ssand \, and their inter-relation. Figure 8 shows a ploE@.ssversus (\g)2 , with the near-
surface results (Al, B1 C1 and D1) distributed glthre lower Eass— (Vp)2 trend line, and the deeper results along a
higher trend line. Although there are variationshia layer properties, there is a clear separatidhe perpendicular
(C and D) results from the parallel-to-layering §Ad B) results.

When developing a rock mass strength estimatedoparison with TBM cutter forces of say 15, 25 6rt8ns,

an oriented Q-value, termed, @as defined29], which specifically used an RQD value orientedhia tunnelling
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direction. This was termed RQDThe subsequent oriented strength estimate fotlyncsmpressive, as opposed to
mostly tensile related failure, was estimated usiggogether with rock density) which is easily measured, and
which gives some additional sensitivity to reducgdncreased porosity, following a modification [&4] to give

better sensitivity to rock type.

SIGMA ., =5yQ.Y° (13)

(where Q = Q, x 0,/100 as from equation 3, but with RQD place of RQD in the Q calculation.ahd J were for
the joint set or discontinuity that most affecthd tock mass failure under the cutigis the rock density in tonsfin

In the case of markedly schistose or foliated redkich tend to have low point loadd)l strengths, ratios af/lsq
may be far higher than the typical ratio of abobit & an ‘accommodation’ was made for the likelihoé combined
tensile and shear related failure, across and alemglanes of reduced stren§®9)]. In this case another relation was

used, but using the same normalisation principle:

SIGMA,, =5yQY° (14)

(where Q= Q, x Is¢/4, to distinguish the strongly anisotropic rocktergls that have ratios of//ls, far greater than
the typical value of about 25, commonly found witlore isotropic rocks). The above normalizationgefoge give
SIGMA., > SIGMA, when the matrix is anisotropic.

Using these two devices to account for anisotrefriength and structure,.@nd Q are capable of capturing at
least some of the anisotropy known to affect roeltarial and rock masses. It remains to be seeaxteat to which
the newly defined Qand Qterms give an improved estimate of.&Esand \}, using the equations already presented
here. However, it is obviously logical to use Rfdnd the most relevant Jr and Ja values when ditegrp derive
estimates of moduli and velocities, both of whiate guite likely to be direction dependent. The logdor
measurement direction should therefore be congidémeprinciple and where possible, @hich contains an oriented

RQD, , should replace Q, when estimatingf@ use in the earlier correlation equations. Readan refer to the list
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of nomenclature for clarifying these Q. QQ and Q terms, where however, there will be found more deeshe
symbol Q, if geophysics is included in the discossi
8. Support pressure

The original Q-based empirical equation for undeugd excavation support press{8& when converted from the

original units of kg/crhito MPa, is expressed as follows:

3 _2Q™"

P = blished —
: 20><Q]/3 ((as published — error)) P(( 10%J,

))corrected version (15)

This means that when, for simplicity, we set Jatypical value of 2 (for the case of ‘smooth, uating’ joints, see

Table 3a in Appendix) we obtain a very simple ifredation between Rand E,.ss Firstly, we have :

P =01Q¥3 (16)

Therefore it follows from equation 9, with = 100 MPa, that :

P = (17)

where Ris in MPa and E,sis in GPa.

This surprising though not illogical inverse projpamality is shown in Table 3, to demonstrate teapport
pressure magnitudes vary strongly with Q-value.eNtiat rock bolts of 20 tons capacity, installéed?#®x2.0m
centres, provide a theoretical 5 tonS/capacity, and correspond to the needs of a Q ecB mass. This is if we
ignore the beneficial effects of fibre reinforcetbtcrete S(fr), which actually has a very positéféect in reduced

bolting needs, which one can readily observe bgentng the support recommendations given in FiguiRolts can
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be more widely spaced due to the cohesive (sutfawting) and structural-supporting effect of S(fhe latter only

if the shotcrete is applied thickly enough.

Table 3. Some simplified inter-relationships betw€® R and Eq,ss In these examples, Jr is assumed = 2wl

100 MPa, to demonstrate the potential inverse syinyme

Q 0.001 0.01 0.1 1.0 10 100 1000

E mass 1.0 2.2 4.6 10 215 46.4 100 GPa
P, 1.0 0.46 0.22 0.1 0.05 0.02 0.01 MPa
P, 100 46.4 215 10 4.65 2.15 1.0 tons/nf

Inspection of the Q-system support pressure diagBhimdicates, as does Table 3, that there is an ¢xji@e of an
approximate doubling of the support capacity needshe Q-value reduces by successive orders ofitndg. As
we have also seen, the deformation modulus appedes roughly halved for each ten-fold reductiorvalue, due
to the approximate inversion shown above.

There is increasing evidence that the support pressules’ in the Q-system do indeed follow thes®ngly Q-
value dependent trends. A comprehensively instri@sehydropower cavern in multiply-faulted sedimeynteock,
demonstrated the need of almost 0.4 MPa suppastpre in the form of bolts and instrumented, higppacity cables
[35. The deliberately inclined, (non-radial) Q-systbased wall support, was heavily loaded by joint and
discontinuity shear while reaching equilibrium, batier survived a devastating, magnitude 7.3 eagkg with an

uncomfortably close epicentre.

9. A possible correlation between the Q-value andhé Lugeon value due to jointing

A wide ranging review of seismic measurements okrengineering and the geological scienfdegd has unearthed
interesting data from different disciplines, sudigms some useful, cross-discipline relationshipsieGs the
approximatesimilarity between the rock mass quality Q-valeediin rock engineering, and the so-called seismic
quality factor used in geophysics, which here westterm Qs (Where Qeisis the inverse of attenuation).£Qis

usually defined as the maximum energy stored igcéeadivided by the energy lost during the cyctaslof course

22



quite logical that massive, high Q-value rock massmise limited attenuation of seismic waves (hémegalso tend
to have high values of &), whereas heavily jointed, clay-bearing rock masséth low Q-values cause strong
attenuation of seismic waves, and have low valfisgismic quality (@i as a result.

Geophysicists considersQ (actually its P- and S-wave components termegd &Rd ‘Q.") to be fundamental
rock properties, despite the complication of fretpyedependence in the case of fluid-bearing poroak or rock
masses. There is also a geophysical t&m for the seismic quality of the coda, whicghthe ‘tail end’ of the
recorded dynamic waves, after they have passedghrtarge volumes of rock mass in the upper cifofigwing
energy release from nearby earthquakes. See refievany examples ifil2]. The coda gives an average ‘quality’,
which is the end result of attenuation due to floidvements, and due to intrinsic scattering ofgbismic waves,
after passing through large volumes of jointed faudted rock (and lithologic boundaries) that akelly to be under
the influence of effective stresses of many tensiondreds of MPa.

Pore fluid and joint fluid movement during the gage of seismic waves , so-called ‘squirt’, is dedd to be
responsible for much of the attenuation (and lovaues of Qs )at lower frequencies, while pore space and joint
and fault structures that cause intrinsic scatteoiithe seismic waves, represent the componenss masponsible for
attenuation at high frequencies. As a rough ruldiofmb, the P-wave component of what we have ter@ggd(to
avoid confusing our rock engineering 8rm with geophysicist’s ‘Q) generally ranges from extremes of about 5 to
5000. Frequency, depth and rock quality each plejeain determining this range, with massive ratlgreat depth
giving the highest values, due to least attenuatiorcontrast, the rock engineer’s rock mass qu#&it may range
from extremes of 1I0to 1¢f, when using a full range of uniaxial compressitnersgyths of roughly 1 to 400 MPa
[17.

Another interesting ‘inter-discipline’ result caras the independent measurement of the P-waeeityebnd
the Lugeon value at two French dam sites in cryséalocks[36]. These, and other related data, imply a potential
linkage between Lugeon value and Q-value, at ledmtre permeability is caused by different degreegint
connectivity.

The graph of Yversus Lugeon value shown in Figure 9 suggestsppertbound relationship between ahd L.

As shown in the inset to Figure 9, if we utilizeuation 4 relating Yand Q, we can place a tentative, €ale along

the lower axis of this set of results.
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The dotted line that has been added to the datheieerctly parallels some of the trends) has thearkably simple

relation:

L=— (18)

This is due to the symmetry of the twg Mlationships given in the figure, giving log  (-)log L. The Q scale
added along the lower axis is strictly only apatile to nominal, near-surface (25m depth) seisrata,dollowing
equation 4 which describes the central trend iutfeigt. The @scale would therefore need to be shifted to thetri
as depth increased, to match reductions of Lugedmes, which of course also occur as a resulhigher Q
values.

For a given Lugeon value, the higher or lowefocities imply that depth of measurement was deep
shallower, respectively. The mechanism needed ptagxreduced Lugeon values in the regigrF\2.5 to 3.5 km/s,
might perhaps be reduced injection pressures irendéiae-surface rock, preventing joint deformatifects.

Since discovering this potential trend, many d&ts fave been explor¢#l?]. By chance, or perhaps because of
the suggested trend, thousands of water well daden fSwedish and Finnish nuclear-waste related esudi
consistently show medium depth permeability rarfges about 1¢ to 10*° m/s. Since 1 Lugeon is approximately
equal to 10m/s (1.3 x 10 based on a porous medium interpretation) we nsyan interpretation that the Swedish
and Finnish bedrock may be indicating a range ok mualities across the whole range of Q-valuemfb001 to
1000. Perhaps significant of coupled behavi{aiir, at depths in the 500m to 1000m range, therdrisral for values
down to about I&'m/s. It would be of great interest to know the &f seismic velocities operating over the range
of permeabilities and depths cited aboRerhapsthe range is as wide as 0.5 to 6.5 km/s. The loaege may
however be truncated by depth or stress effects.

Of course there will be problems with this ‘simphabdel, where clay is causing a disproportionatiicgon in
the Q-value (as expected) and a reduction in pdoititga(contrary to this simple model). Perhapsbimad areas of
variably jointed rock, with Q = 0.1 to 100, the nebtiolds some truth. In general terms, low Q-vakugggest greater
connectivity and high Q-values suggest the oppadsi#ad, giving credence to a link with high pressir.e.

deforming, Lugeon-based) injection test results.
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In a simplified theoretical exploration of the platm [12] it has been shown that if most flow is channeifedne
joint set, and further, if the highest flow rateaistually occurring in one of these joints (onetwgreatest aperture
that preferentially takes flow from others due tmpgled behaviour) then some simple theoretical nsockn be used
to explain the reasonableness of equation 18.

Firstly, the radial flow equation can be utilizeat flow to or from a borehole crossing the jointdgnint set in
question. With near-perpendicular intersection ghisr a theoretical logarithmic decay in pressuwwayafrom an
injecting borehole, if flow remains laminar. Sechypdhe deformation oach sideof the joint taking most water,
caused by up to 1 MPa reduction of effective sireas be modelled with the Boussinesq equation. Outhe
assumed cubic flow law (k /82, and flow rate proportional td)eand due also to the cube root proportionality of
deformation modulus Eassand Q (equation 9), a typical result that may be obtdiméth a reasonable set of
geometric assumptions, is that L is approximatglyad to 1/Q, as in equation 18.

Figure 10 gives a tentative, but potentially int#gd picture (a nomogram) of the inter-related antially inter-
related parameters.QE nass, Vpand L, and examples of where ‘massive rock’, ‘jethtock’ etc. might plot as a
function of depth. The left-hand vertical scaf Lugeon and Ms derived from the trend shown in Figure 9,

i.e. V,=3.5—-log L. It is not at present known the ektienwhich the depth lines in Figure 10 would Fitst trend.
However, it is perhaps reasonable to assume thet¢ased depth and velocity, and reduced Lugeoresaite inter-
related. The Lugeon - cale along the bottom of the diagram is relewanty to the nominal, near-surface (25m
depth) equation 4 relationship, i.e. it applieshte central (solid) diagonal in the figure. Thes@ale, from Figure 4
should be considered ‘fixed’, while the Lugeon scabuld be expected to shift to the left for prédits at greater
depth than the nominal 25m. Unfortunately, the pityccorrection for E,.ssand \j cannot be applied to the Lugeon
approximation, as increased porosity will usuatigd to higher permeability. Despite this known slmming, the

figure is presented here as a stimulus to furtbsearch and subsequent improvement.

10. Tunnel or cavern deformation

After several years of collecting tunnel deformati@.e. convergence) and Q-value data — which veasally the

original purpose of developing a rock mass clasaiifbn systeni3], a collection of Q/SPAN versus deformation data
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was published, having both axes as log sddl@s Approximately linear trends of data were seerwhis form of
plot. Subsequently, data from the several stagexacdvation of the 62m span Gjgvik Olympic caveeravadded,
using the pre-installed MPBX monitoring data. Thesre temporary spans of 10m and 35m for the pilotel and
large top heading. At each stage, Q-logging wakpeaed. The updated plot, froff] is reproduced in Figure 11a.

By good fortune, Chen and Guo collected hundredfesh data from difficult tunnelling projects imaiwan,
using the same plotting format of log Q/SPAN angldonvergenceThey kindly made this Chinese language article
available[37]. One of their figures is reproduced in Figure 13bme time later, noticing the continued downward
trend of this convergence data, the equation ofcénral line, representing roughly half the cogegrce, was

derived, almost by inspection. It proved to haweftiilowing ‘familiar’ simplicity:

A:SPAN (19)

Q
(where SPAN is expressed in meters, Arnig in millimetres).
As has been pointed out elsewhere, the spreadtafislaather large, and the above trend is a dtyjogntil
explained. Attempts were therefore made to ‘expldie ranges of data, using something resembliegctimpetence

factor (i.e. the strength/stress ratio) as useedviduate SRF in the case of classification of likebnditions when

excavating in massive rock masses. (Table 6b, AgigenThe forms of equation shown below were fipahosen:

a, = SPAN fo, 20)
100Q | o,

a, = HEIGHT [oy 1)
100Q o,

Therefore we can also give an approximation for k/o, as follows:
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2 2
«, =[SPAN )[4 22)
HEIGHT ) | A,

(Units in equations 20, 21 and 22 are as folloPAN, HEIGHT,A, andA, are each in millimetres, while rock
stresses and rock strengths need consistent uchsas MPa).

It should be carefully noted that if very low Q-wrak are used in these equations (i.e. Q-valueststt prior to
pre-treatment) then very large (perhaps metre-slg@rmations will be predicted by equations 20,aR8l 22. This
appears to be a shortcoming, but perhaps it isecorif the planned tunnels were opened withouk romass
improvement i.e. drainage, pre-grouting, spiling. ¢hen meter-size deformations or collapses waeldainly be
expected. To cite the Pinglin Tunnel again, whexa/ly jointed, slickensided and sometimes clayingaquartzites

are acted on by exceptionally high joint-water puees. An initial Q-value, prior to eventual drajgaof about :

Q=Ex%x%= 001
9 4 1
will imply a potential deformation of about 1 metesing the simple relation of equation 19. Thditye& actually
repeatedly stuck TBM, and sometimes badly deforatedl sets, or occasional piping failures at tlve f&s the water
tries to drain through probe holes. In a recergitr@ccurrence, one of the tunnels, by now withrik-and-blasted
top-heading, was rapidly filled with about 7000af quartz debris, where conditions were probabigneworse than
the above. The tunnel ‘face’ was suddenly retredtedlO0 metres. A key to ‘improved’ Q-value and ueed
deformations, would be drainage if achievable, afiféctive high pressure pre-grouting. These twoepiidl
measures can be beneficial to one or to sevetakedix Q-parameters, respectively, as will be destrated later.
We can take another real example, this time noeme — a hydropower cavern of 20m span and 50nhfh¢RS)].
Vertical and horizontal stresses were reportediyuat6 MPa and 4 MPa respectively. The uniaxialngitie was
about 35 MPa, and the Q-value about 3. Measureatetions, where MPBX were installed, were appr@atity
25mm in the arch and often about 50 to 55mm inwthls, but with significant variation here. Equai$20 and 21

predict deformations of 28 mm and 56 mm respegtjwehile equation 22 predicts:
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20\ _(56)°
ko = [a)j X(%j = 064 (which is close to the measured ratio of 4/666).

It is important to note that the original trendtloé data shown in Figures 11a and b, namely inyanggortionality
of deformation and Q-value is retained in the abeyeations. The ‘fine-tuning’ is designed to tryetplain variable
performance, though some of this will undoubtediydoie to over-conservative support (perhaps dearger tunnel
stability problems). Such data would plot to thi ile Figures 11(a) and (b). Excavations with iffgiént temporary
support and consequently exaggerated problems hatght explain some of the data plotting to thghtihand side

of the central trend line.

11. Exploring a deeper meaning behind the six compents of Q

In earlier sections of this paper, we have expla@ue fundamental, though empirical Q-value cofiaia with two
rock mass parameters useful for site investigafion L), four that may be useful for design (&s, SIGMA, ,
SIGMA;,,, and the expected support pressufg Bnd two that may be useful for predicting oreipreting
underground excavation behaviod;, &ndAy,). Some of these empirical equations and intetioelahips have been
as simple asnverse proportionalitiesvith the Q or Qvalue, suggesting perhaps, that in the case of Q.owe
could be dealing with a fundamental rock mass patamor a combination of rock mass parametersn Saowill
see that @ (and even Q) can reasonably be claimed to havwe ahMPa, or very nearly so.

When developing the Q-system in 1973, first twoapagters (RQDJ), then four (RQD/J x J/J), penultimately
five (with SRF) and finally six parameters (witf)) vere created to constitute the final Q-val8e Their individual
ratings were derived (and successively fine-tursdirial-and-error, during back-analysis of 212e&aecords. The
magnitude of Q as a scale of quality, was matchigl afferent thicknesses of shotcrete (plain orsheeinforced,
or none at all) which mostly took care of the ‘ceilve’ weakness or strength of individual rock mas&dock size
and number of joint sets was particularly importaete. Q was also matched with different spacingkaapacities
of rock bolts and cable anchors. Sometimes none ¥oemd necessary by those who designed and cotesirthe

tunnels and caverns used in the back-analyses.
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The original instructions for choosing appropria@ounts of shotcrete and/or rock bolts were basedhe
‘conditional factors’ RQD/J and JJ, which distinguished between the greater needsfwtcrete (‘cohesive
support’) when block sizes were small (low RQpand conversely, the greater need for rock boltemfrictional
strength was low (low;dl,) andblock size was large (higher RQBIJ3].

The need for bolting can be assumed in principlbedied to a need for increased frictional strengithin the
rock mass, to avoid immediate block-falls and fataver-break, to avoid deep wedge failures (inattoh or walls)
and to protect the shotcrete from shear failurbad failure. The timely application of bolting pelto retain peak
shear strength and dilatant joint behaviour if ¢hisrroughness. The larger deformations that maady occur at the
face in the case of clay-bearing joints and filldidcontinuities may imply post-peak shear resigarsmd even
contractile behaviour, unless heavily over-consaid clay fillings are still in operation (prior tbeir potential

strain-softening and water uptake).

11.1 The frictional component

The dual reinforcement of the ‘cohesive componanid ‘frictional component’ concept can be takerthier, by
referring to the fact that the ratigJ] closely resembles the dilatant or contractile ficieht of friction for joints and
filled discontinuities. This was discoverefter the six Q-parameters and their ratings were frealj and is
demonstrated in Figure 12, where the three formsok-to-rock’ contact are also illustrated, usifigstrative shear
strength-displacement graphs. Relative magnitudiésnd (J/J) imply that the back-calculation of case recordd a
fine-tuning of ratings, has given surprisingly st @+i, or @, or ¢-i estimates of the operating ‘friction angles’,
from the extremes of clean-and-rough-and-discontisu(79°) to slickensided-and-thinly-clay-filled°J2 Category
(c) — ‘no rock-to-rock contact’ uses a nominakJr.0 and Ja values ranging up to an extreme of 2@ .value of

tan® (1/20) is in this case close to 3° degrees. (34%€E 2 and 3 in the Appendix.)

As geotechnically-trained engineers, we can vigeafat the necessary addition gfas the last and"gparameter
of Q, was for ‘fine tuning’ this [, ratio, adding something like a softening and deatifve stress correction for
when water was present. The paramefgewads also designed to roughly account for stabpitgblems due to
combinations of high water pressures, high perniéabj and potentially high storativity (seg descriptions in

Table 5 in the Appendix).
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As observed earlier,,Jnay sometimes need to take care of the risk oh@jmuring which the shear resistance of
the rock mass nearly disappears, as witness thmgfof 100 meters of a tunnel, initially througtpeobe hole in the
face, with hard, 200 to 300 MPa jointed quartz delmf centimetre to meter size, together with watred some clay,
[39). This would have been an event gf=]0.05 magnitude, as needed recently in some etkteeme conditions of
‘debris’ release (blocks, sands, gravels) and whteding in Italy and Kashmir. Unfortunately bothese were
TBM-driven tunnels. Inevitably, some of the TBM/atved were eventually abandoned in favour of dnid-blast
(and related techniques), after years of strugglésthe machines in ‘impossible’ conditions.

With the above in mind, the ‘frictional compone(fC) of a rock mass will be defined as follows, axamples

of typical magnitudes will be given shortly :

FC= tan‘l(‘]r X ij (23)
Ja

It is logical to assume that by usinglJratings relevant to the joints or discontinuitiesst affecting the result of the
particular loading direction, one will tend to getesult that is sensitive to anisotropic jointgedies. As defined, J

and J will tend to give the minimum frictional componer€.
11.2 The cohesive component

Addressing our attention to the remaining Q-paransetwe may observe that RQPprépresents relative block size.
This ratio was used ifb], to identify rock-burst prone hard rock massescthyhbecause of sparse jointing, will tend
to have RQD/Jratios in the range 25 to 200, as opposed to &ypiinted rock RQD/Jratios from 10, to as little as
0.5. Massive, highly stressed rock masses with batesive strength suffer the greatest reductidsidnk-size and
cohesive strength, as a result of stress-indu@adiuiing around deep excavations. However, this do¢ occur prior
to excavation, so theharacterizationrating and the empirical tunnel desigtassification rating may differ

considerably. (See footnotes beneath the SRF stiraple 6b in the Appendix .)
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As in the frictional cases that needed ‘fine tuheumgd adjusting for effective stress witfy dve may speculate that
SRF was a necessary ‘fine tuning’ and adjustmenthie effects of stress (and sometimes fragmemiptiothe case
of relative block size and ‘cohesive strength”. Weeded to account for the adverse effect of extayan opening
in an over-stressed (or sometimes under-streseeld)mass. In the case of competent rock, SRAmneasure of the
stress/strength ratio, in anticipation of a strieastured EDZ in previously quite massive rock,uigqg heavy, but
yielding support. When SRF applies to faulting, fdea of loosening due to previously fractured. (faulted
material) is also relevant. The less frequentlyduSRF categories of squeezing and swelling areiatlicative of a
shear-displacement-reduced or swelling-strain-reducohesive strength’ (or rather, weakness), togewith the
presence of an unbalanced driving force or incibaadial stress, , in each case requiring heavier support to resist
the effects of théangentiallystrained EDZ.

A cohesive component (CC) consisting of the thremaining Q-parameters, applied in the correct nigaler
format, can be generalized and improved by norratitin witha./100, as in the case of.@'he cohesive component

CC is therefore expressed as follows :

RQD, 1 o,

cc= = _x—C
J, SRF 100

(24)

In highly anisotropic rock, having high ratios@f/lsq , it is logical to assume that by replacimg100 with k¢4 (as
in equation 14) one will produce a more ‘accuragsult. The potential anisotropy of CC could betfar improved
by selecting RQB, i.e. RQD in the loading direction.

11.3 Examples of FC and CC

We are now in a position to tabulate examplestistawith FC, to illustrate the surprising realisoh the two

components of Q

Table 4. Five typical examples of FC (frictionahgoonent) estimation using equation 23. Refer tddsB, 4 and 5

in the Appendix for the interpretation of the sebetratings.
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J J Jv FC (degrees)
2 1 1 63°
1 1 1 45°
1.5 2 0.66 26°
1 4 0.66 9°
1 6 0.5 5°

Table 5. Five examples of CC (cohesive componestination using equation 24. Refer to Tables 1n@ @& in the

Appendix for interpretation of the selected ratings

RQD 4 SRF o. (MPa) CC (MPa)
100 2 1 100 50
90 9 1 100 10
60 12 1 50 2.5
30 15 2.5 33 0.26
10 20 5 10 0.01

It may be reasonable to speculate that when masg oecords were closely grouped in the original SIESR
versus Q graph$§3], there would tend to have been more ‘reliability’ the original Q-parameter ratings, and
therefore perhaps in the realism of the above RCGD components. In very massive rock requiringoport, the
partial safety factors governing, for example, nliged friction and mobilized cohesion, will be urdwn. Also in
very poor rock that needed cast concrete linifgs)dad and strength levels would both tend tareertain. On the
other hand in central areas of rock quality, suela= 0.1 to 10, the application of B+S or B + §(mas based on a
host of case records, and on the possible obsenvatithe need for more, or sometimes less sup@oacking of the
shotcrete could have been observed, and stabilizafi the time-deformation trends will have beemitared in the

case of many of the larger excavations.

11.4 Reassembly of FC and CC and correlation temgiarameters
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The five example rock masses, as visualised thraihgir ‘frictional’ and ‘cohesive’ components inethtwo
preceding tables, can be ‘reassembled’ into Q anda@es. We can then examine their relation torogieperties
like Vo, Emass @and L to get a feel for the suggested correlatidmsimportant point to remember is of course that
same Q-value can have different combinations odmpaters, and different relative magnitudes of F& @€. This
positive aspect is of course also a source of piatezrror when a single classification rating (QRMR or GSI etc.)
is used for design or for correlation to other paeters. However, there is generally a ‘drift’ of phrameters as
conditions change, probably bought about by théotits presence or absence of water (or hydrothefhaals) in

more, or less jointed cases respectively.

Table 6. Five progressively worsening rock masditigs (from Tables 4 and 5), and their predicteshmsurface

properties. Consult all tables in the Appendixdgplanation of the selected ratings.

ROD &4 J & 1 SRF Q o Q FC° CCMPa V\,km/s EnsGPa L

100 2 2 1 1 1 100 100 100 63° 50 55 46 0.01
90 9 1 1 1 1 10 100 10 45° 10 4.5 22 0.1
60 12 15 2 066 1 2.5 50 12 26° 2.5 3.6 10.7 0.8
30 15 1 4 066 25 013 33 004 ©O° 0.26 2.1 3.5 22.9
10 20 1 6 05 5 0.008 10 0.0008 5° 0.01 0.4 0.9 1250

Note: FC applies only to the least favourabletjsit or filled discontinuity, and should therefo be used in isotropic models
without due caution.. The units of are MPa. A significant degree of anisotropy carplovided if desirable or relevant, by using
oriented RQRQ and values of.&nd J relevant to the loading or testing direction. Fa#o ls, / 4 can replace. / 100 in equation

24, if a further adjustment for matrix anisotropyréquired. The effects of anisotropic stressedca matrix porosity, on yand

E masscan be handled using the equivalent depth andsjtgrmorrections in Figure 4.

11.5 A discussion of ‘c’ and/ for rock masses

Although it is perhaps unwise to present the CC R@cdcomponents of as approximations to ‘c’ and*for rock
masses (since we really hardly know what theseegaéure), it can be concluded that splitting(@ Q) into these
shear-strength-like components is likely to be namreurate than suggesting fixed ‘c’ amgivalues as relevant for a
specific Q-class. A suggestion that Q = 10 to 188 ¢’ >10 MPa and¢ > 45 degrees may not always be correct.

However, these estimates are likely to be moreratedior hard rock than the suggestion in the RistRes[ 23], that
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RMR = 81 to 100 has ‘c’ > 0.4 MPa ang > 45 degrees. The former, although strictly aaguality, gives the
impression of far too low a cohesion for hard raahkg was perhaps estimated from experience ofnreeakure rocks,
from which many RMR case records were derived.

A current, major underground rock mass charactéoizgoroject, has demonstrated that subsequent moass
classification methods have tended to ‘copy’ th@etimes obviously inaccurate (too low) rock claasdd estimates
of ‘c’ and ‘¢ from RMR. There was found to be an inexplicablegete of agreement between the recent
classification methods and RMR, concerning ‘c’ agdfor rock masses, possibly because of the scadfityctual
data that was available during the developmenbwfesof the ‘empirical’ predictions.

Unfortunately, ‘c’ and ¢ are among the most difficult parameters to assesseasure in rock mechanics, and of
course they are usually anisotropic and stressrtkgme properties. In addition, a given RMR value, other
classification rating like GSI or RMi , should no¢ expected to give a unique pair of ‘c’ agtivalues. The details
of the rock mass structure, and the strength ofvithdlal joint sets or discontinuities, will tend tetermine the
relative magnitudes of ‘c’ andp’, and the extent to which they are isotropic ocisatropic. Furthermore, RMR and
GSI have very small nhumerical ranges with whicldéscribe the multitude of potential rock mass cttarsstics.
The same criticism must be levelled at Q, but figshaps some five orders-of-magnitude closerdéayfohydrologic
diversity we try to model, if we assume that thealsange of RMR and GSl is about 5 to 100.

Inevitably, the relative ease of continuum modellimas caused a disproportionate number of erromsoiteller’s
assessments of rock mass parameters, and thesre$uttuch modelling may sometimes bear little rehatto
commonly observed behaviour. The desirable extansfoa global Mohr-Coulomb ‘c’ andg' criterion to a non-
linear Hoek-Brown strength criterion still leavagsotropy unsolved, and an accepted criteriondpresenting block
rotation modes apparently remains as a distantigaantinuum modelling.

It is strongly suspected that a low CC value axgproportionally high FC value may stimulate aatiminal mode
of failure, due to joint strength scale effeff$ and due to the block corner interaction problenladye scale of
loading in relation to a small scale of block gjze. a low RQD/Jratio) seems to stimulate this mode of deformation
or failure, as evidenced by physical models of @itinua[28], distinct element modelling with small block sizes
[40] and most important of all, real large scale defttrams and failures of jointed rock masseslependentalues
of friction and cohesion may be needed to identfyd then to provide input for the future soluta@frthis important

continuum modelling problem.
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11.6 Tunnelling conditions relevant to the exangalses 1 to 5

With reference to Table 6, it is pertinent to coesithe Q-system support recommendations for the dimulated
rock masses. Figure 1 shows that a 10m span roackltywith ESR = 1.0) could remain without suppatien
Q =100 (case #1), at least when following typN8T philosophy. The characteristics of this rocksnaatisfy all
the criteria of permanently unsupported excavatjdik It has only one joint set, which has a dilatdmracter, and
there is no water.

All the other cases lie within the fair, poor, vgryor and exceptionally poor rock mass catego@ease #2 has too
many degrees of freedom for block fall-out despit@sonable frictional strength, so requires attlaatscm layer of
shotcrete and systematic bolting, c/c 2.4 m. C8swi#t probably give a lot of overbreak and needsensupport and
reinforcement, and case #4 will likely create angigant delay in tunnelling progress due to thechéor heavy B +
S(fr) support, probably with rib reinforced shoterarches (RRS).

Case #5 may be equivalent to a major fault zonelwhiill require drainage, pre-injection and spilingerhaps
even a pipe-roof — in fact improvements to the aiglyy poor existing rock-soil-water characteristibsthe absence
of this, a TBM would be stuck for months, and dl-@md-blast or back-hoe digging of this zone wolikely be
precededby a massive collapse, also taking perhaps a monthore to solve, using the inevitably less effext
post-collapse measures that tend to be extremebytantensive.

It is easy to speculate that an even lowgvalue in case #5 (e.g. 0.05) would cause a pifaiigre, filling the
tunnel with water, rock and clay, and probably teating in a very low angle debris fan some distafrom the
previous tunnel face. There are several cases whanels have been filled with rock and clay folQ I@eters or
more, occasionally with tragic loss of life, armretimes with serious water flooding perhaps reaghilometres.
The initial water pressure and volume of storagenlined with the initial permeability and its coungl with tunnel
deformation effects are all determinant factorssides the susceptibility to low ‘c’ andg‘(or CC and FC) in
sheared, fragmented rock-and-clay masses. Tlis eppropriate point to introduce the final topigoe-grouting,

which will be demonstrated to have positive effemighe tunnelling that reach much wider than wetetrol alone.
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12. Q-parameter interpretation of potential pre-grouting effects

Modern pre-grouting, using the combined advantagfesomputer-steered drill jumbos, high pressuredtipn
equipment, micro and ultrafine cements in micrgzailsuspensions of cigarette-smoke-sized 0.15mrticlesr
(perhaps with timed setting of an outer or inndocker grouf, are capable of solving many instability and legka
problems in tunnelling. ‘Strengthening the case doouting’ is a fitting title of a recent articled@dressing the

additional strengthening effects of grouting on ek mass, besides water control.

12.1 Permeability tensor principal value rotation

An important clue to the subject of rock mass prgpenprovement by grouting was provided some yeays in
Brazil, when IPT of Sao Paulo were monitoring tHffe@ of dam abutment groutingt2]. The unusual three-
dimensional hydrotomography test equipment and pesiciples are illustrated at the top of Figurg Three
boreholes - SR-Al, A6 and D6 were water flow testec group before grouting. Three new holes -,SRdnd -l
were drilled close by, and flow tested as a gredigr normal-Portland cement grouting of the filste holes.

Conventional, single-hole, equivalent porous mediimterpretation of the grouting effect on the water
permeability is shown as depth logs in Figure 1&ttm left). A reduction of permeability of T0to 10° m/s is
indicated, which was to be expected, in view of trginal high permeability of Idto 10°m/s, despite the
maximum 100 to 140Qm particle sizes of the normal Portland cementré&hropinion is that physical joint apertures
(E) down to about 0.4 mm can be grouted with sterhent — but the hydraulic apertures (e) would Ul less
than this due to roughness JRC, and due to thélyisorduous flow paths within interlocking rockijas [43].

The important result for rock-mass-improvement-bguging interpretation, is the unconventional and
unfortunately rare recording of the three-dimenalopenetration effects of grout, which here gavé7afold
reduction and roughly a 66° rotation of thgKdirection, and a 12-fold reduction and roughly 8°1degrees
rotation of the K, direction. By implication, the most permeable (g®thaps least hormal-stressed) joint set was
successfully grouted, and presumably, even thet |pasneable set was much improved. There was aso f
correlation of the results with the geometric teadbat were derived from joint set orientationd #AT’s estimation

of the average hydraulic apertuigs]. This rotation of principal directions of the rpeability tensors, and the
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‘homogenization’ effect, justifies the potentialg@rameter improvements that are discussed beldlawfag [2] and

[44].

12.2 Particle size and joint aperture limits in gting

Obviously there are many tunnels that require tstriater control, and correspondingly few litres inflow per
minute per 100m of tunnel to avoid environmentalems such as differential building settlementvabaver-lying
clays. To achieve only 1 Lugeon or roughly’Ii/s appears to be possible with cement partidi@saximum 100 to
140 um size. Microfine and ultrafine cements with maximparticle sizes as small as gth and 1pm, make it
possible to grout down to physical apertures (BRlwdut 0.1 and 0.08m respectively, using the 3 or 4 x,Rrule-
of-thumb, for which there is some laboratory tegidence[45]. Since there is an increasing ratio of the joint
apertures E/e as E, the physical aperture redocesréss increases), even smaller permeabiliinde reached with
state of the art pre-grouting.

Today it is apparently possible to achieve slighéyter than 18 m/s with systematic pre-grouting, which might
be equivalent to abouttBnin/100m in a typical tunnelling project. The riésdepends of course on tunnel depth
below groundwater level, and tunnel size will ajday a role in the modified radial flow equatiorts flow from
beneath an equipotential.

A detailed discussion of the possible improvemeatthe six Q-parameters that may be achieved bigsyic
pre-injection using the new multi-grout concepsently applied in Norway, has been given elsewf@fe The
over-riding assumption is that the grout will falldhe paths of least resistance both as regartlalipermeability
and grout-pressure-modified permeability. The mostmeable and least normal-stressed joint set ghiiglire
prominently, and may give the permeability printigalue rotation and reduction in magnitude, asidied in
Figure 13. Often, this most permeable and mostyegécted joint set will also have qualified ftite pre-grouting

J/J, rating, so this ratio may be changed due to thatmg, and result in an even better result.

12.3 Improving Q-parameter ratings through pre-giing
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The following small changes to the six Q-parametens be envisaged with the set of initial rock messditions
assumed here. Lesser or greater improvements gue-iajection will occur in other cases, as disagsin[44].

We will assume that in a certain rock mass, preding may cause moderate, individual effects lhe following:

RQD increases e.g. 30 to 50%

J, reduces e.g. 9to 6

J increases e.g. 1 to 2 (due to sealing of moseiofs)

J,reduces e.g. 2 to 1 (due to sealing of most oftset

Jyv increases e.g. 0.5 to 1 (even with=J1, tunnel ventilation air may contain moisture)

SRF (might increase in faulted rock with little glar if near-surface)

30 1 05
Before pre-groutin =—x=—x—=08
pre-g g Q 0 277
50 2 1
After pre-groutin =—x—x=-=17
pre-g g Q 5 1°1

12.4 Improving rock mass properties through pretugjirg

We can now use the Q-correlation equations devedlaaelier to predict typical, but perhaps evenseovative
estimates of the potentially improved rock masserties and tunnelling characteristics. We willlass o, = 50

MPa and that the tunnel has a 10m span, with drezfjgafety level of ESR = 1.0 (for a main roadneij[3], [5].

Table 7. An example of rock mass and tunnellingriosrements that might be achieved by pre-injectiith state-

of-the-art, fine, cementicious multi-grouts in @ityal rock mass of rather poor quality.

Before pre-grouting After pre-grouting See equatiofigure
Q = 0.8 (very poor) Q =16.7 (good)
Q. =04 Q.=8.3 3
V,=3.1 km/s V,=4.4 km/s 4 (near surface, n = 1%)
E mass= 7 GPa E nass= 20 GPa 9 (near-surface, n =1%)
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SIGMA.,, = 9 MPa

SIGMA., = 25 MPa

13 (assumg = 2.5 t/n?)

P, = 13.6 t/nf P, =4.9t/nt 16 (MPa to t/rf)
L=25 L=0.1 18
K=25x10"m/s K =10%m/s (assume 1L = 10m/s)
A =25 mm A=1mm 19
FC=14 FC=63 23
CC=1.7MPa CC =8.3 MPa 24
B 1.6m c/c B 2.4m c/c Figure 1 (Q-support chart)
S(fr) 10 cm none Figure 1 (Q-support chart)

The most surprising and largest predicted improvemim properties and tunnelling conditions areauidedly FC —
the frictional component of the previously leastdiarable and most permeable joint set, Ardthe deformation.

When interpreting the magnitude of so many potéitiprovements due to successful grouting, it ipamiant to
emphasise the ‘homogenization’ (and reduction) hef permeability tensors that have been measurdalwiol
successful groutind42]. An additional effect not included in Table 7 isetlikely consolidation or stress
homogenization anihcrease of stressaused by forced penetration of grout several amynraeters into the rock
mass, perhaps with pressures as high as 9 or 10AM&a rock mass conditions and depth allows this.

According to the ‘stressed’ velocity and modulusdeloshown in Figure 4, this high pressure injectiolh cause
a certain stiffening of the rock mass above angbe that modelled in the example given in Tablél@wever at
depths of hundreds of meters, an injection pressfi®or 10 MPa will have relatively less influenca the local
state of stress, unless there is unusually higisstanisotropy and a losy minimum component, as within a normal

faulted terrain, where permeabilities may be veghleven at considerable depth.

13. Conclusions

1. The traditional use of the Q-system for rocksaw@assificationand empirical design of rock reinforcement and
tunnel support has been extended in several watfsisrpaper. Key rock mass properties and tunnieatieur
characteristics that are strongly related to tleosiler-of-magnitude Q-value are estimated, and {hatential

interactions have been explored. The Appendix ¢ositall the traditional Q-parameter ratings @baissification
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of rock mass conditions and support needs causednigrground excavation. In addition there are new
footnotes for advising on suitable choices of éxgsparameter ratings when basic rock nassracterizationis

to be performed, away from the influence of anyasation.

It is concluded that the broad, six-order ofgmitude Q-value scale, and the even broader nideroof
magnitude Q-value scale, give relatively simple correlationghwparameters needed for design, due to the fact
that rock masses also display a huge range ofgitrenstiffnesses and degrees of stability or bikta An
RMR or GSI scale of only about 10 to 100 i.e. on#eo of magnitude, cannot easily correlate withrgimena

as different for instance, as the landmark Sugaiaauntain of Rio de Janeiro, where Q may apprake®0, or
piping failure causing a tunnel to fill with 7008mwf clay-bearing quartzite (and much greater volsimiewater).
Here, Q may have approached a limit of 0.001, ulptimproved due to relief of some of the extreme wate

pressure.

Seismic P-wave velocity ) and static modulus of deformation ,&ss can clearly be linked, due to their
individual relationship with the Q-value, which hlasen normalized by consideration of uniaxial cagspion
strengths different from 100 MPa. The resultingv@ue is reduced or increased in proportionotp which
removes the need for ‘mobilization’ of through the strength to stress ratio found in SRpotential linkage of
the high pressure and therefore deforming Lugesnv&ue with Q has also been identified, and a theoretical

basis for this has been discussed, assuming an@bsegclay in the joints.

The strong effects of depth or stress level gand E,.ss and their anisotropy when jointing and/or stresse
anisotropic, has been emphasised. The use of antedi Q and Qvalue has therefore been proposed, using an
oriented RQDQ, and a JJ, ratio relevant to the loading or measurement tizac An estimate of rock mass
compressive strength developed for thgwdmodel that allows for matrix anisotropy has begproduced. This

is based on the increased ratioogf I, for foliated and schistose rocks, which may easBch 75 or more in

slates, or about a three-fold increase compareubte isotropic rocks.
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5.

Support pressure, Bnd the static modulus of deformation.Esare found to be inversely related, due to their
inverted empirical relations to the Q-value. Thaliidnal trend for inverse proportionality betweamnel
deformation and Q-value, and between Lugeon vahe the Q or @ value, actually means that tunnel
deformation and typically recorded Lugeon valuesy nhave a special relationship, since deformation in
millimetres would be implied to very roughly equlé span in meters multiplied by the Lugeon vawigh the
scatter of data not forgotten. Thisrhapshelps to explain the very beneficial effect of-greuting on tunnel

stability, which gives many predictable improvenssiat the properties of the rock mass, besides watgrol.

The various possible effects of pre-groutingehbgen investigated in an example rock mass, hapegific Q-
parameters before grouting, with small improvemearftsost Q-parameters as a result of the groufiingee-
dimensional hydrotomography from a Brazilian damtaient, showing rotation and reduction of the gpat
values of permeability, with general homogenizatawsed by grouting, have been used to justify sofbe
Q-parameter improvements. These assumed improveraesitbased on the concept of preferential groutfng
the most permeable and least favourable jointsaiever, when clay is present the minimuhd, Jatio may not
correspond to the direction of highest permeabilityd less benefit from the grouting may be acligws

indeed experienced in practice.

The seven Qparameters have been “re-assembled” as two compis instead of three, to derive estimates of
the potential frictional componeRC, which is like an effective friction angle, andetbohesive componeC,
which resembles the cohesion of a rock mass. Tier g related to block size and the degreeseaddom for
movement, given largely by.JBy implication, the original Q-value that was ided from case records of rock
bolt and shotcrete tunnel support needs, congigtiogimately of the product of effective frictionefficient and
cohesive strength. By chance this is a powerfusgiption of the need for rock reinforcement andpport,
when radial stress has been reduced virtually to g tunnel or cavern excavation. One may now lage that

the units of Q resemble MPa, more accurately swedime normalization of Q witt/100.

There will be a tendency for fairly low values@C, and for fairly high values d¥C, to favour rotational modes

of deformation and failure, when the over-stresaegh or volume is large, compared to the typicatiblsize.
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An accepted constitutive model to represent ratafidailure modes for use in continuum approxintagias
overdue, since rotation occurs in physical and migaemodels of discontinua, and obviously in solage,

natural and engineered rock slopes.
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Figures

Figure 1. The 1993 updated Q-support chart forctielg permanent B + S(fr) reinforcement and supfartunnels
and caverns in rocfg]. The black, high-lighted areas show where estith@evalues and stability are superior in

TBM tunnels compared to drill-and-blast tunnelsisTineans ‘no support’ penetrates further.

Figure 2. An illustrative ‘textbook example’ of damant joints (strong continuity, low JRC, JCS api requiring
distinct element modelling, and the less domindratck-ground’ jointing (higher JRC, JCS amd which will
nevertheless be represented in RQD grahd in a reduced deformation modulus and seisglimcity. Kimmeridge

Bay, South Coast, Englanvriter].

Figure 3 a,b. Mean correlations of,\RQD andy m* for shallow refraction seismic at hard rock siesn [9], with

the writer’'s extrapolations and appended Q-scales,for shallow, hard rock sites, based&in

Figure 4. An integration of ) Q, o, depth, porosity and static deformation modulus.&, which was developed

stage by stage, by trial and error fitting to fidiata[11].
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Figure 5. Seismic velocity measurements in the lro@ealk at the Chinnor Tunnel in Oxfordshire, EmglaV,

increases with depth despitereasedoint frequency[13], [14].

Figure 6. A seismic tomography result for the jethgneiss at the Gjgvik Cavern site in Norwaying¢reases with
depth despite the fairly stable RQPm™ and Q-values over the same depth range. The meaiu® was about 10,

see[6].

Figure 7. Static deformation modulus,fs Q and RMR and some empirical inter-relationsHip8, 20, 11and 31

Figure 8. Marl-sandstone inter-beds, giving anigutr (or orthotropic) En..ssand Vg results in a test gallefid3).
The shallowest measurements show lowggtfEesults as a group, compared to the deepest negasmts (the EDZ
result), while the perpendicular to bedding measemts are generally lower than the parallel to begldnes (the

orthotropic result).

Figure 9. Dam site comparison of Lugeon values Withave velocitied,36]. Tentative Q— L correlation fronj2]
which will strictly correlate only to the nominalgar-surface (25m deptbets of measurements. Low Lugeon values

with low velocities may correspond to reduced itigc pressures, therefore reducing joint defornmaétiects.

Figure 10. Elements of potential geohydrologicgnégion, using @— V,— Emass - Land depth, to indicate potential
type curves for rock massgg. Depth effects on Lugeon results are tentative,the porosity correction obviously

applies only to velocity and modulus.

Figure 11 a,b. Top: SPAN/Q versus radial deforrmatimd convergence data for tunnels and caverns) [fé.

Bottom : extensive new convergence data from Taj\{\&#.
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Figure 12. Inter-block frictional behaviour - antrexct from the Jand J rating tables from the Appendix. Ta/J)
shows apparently dilatanip¥i) friction angles for many joints, and apparentiyntractile @-i) friction angles for

many mineral filled discontinuities.

Figure 13. Multiple-packer, multiple-borehole, 3pdnotomography testing by IPT Sao Paulo, of danmfiation
permeabilities before-and-after grouting. Permégbprincipal value rotation (and magnitude redan)i due to

sealing of the most permeable joint sets is inditpt2].
APPENDIX. Field logging sheet for recording thetistics of all Q-parameter observations. Can bel Use field

mapping of surface exposures, core logging or wgrdand excavation logging. Note that almost aliha ratings are

given at the base of each column.
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APPENDIX

Q-METHOD OF ROCK MASS CLASSIFICATION

1) These tables contain all the ratings necedearglassifyingthe Q-value of a rock mass. The ratings form the
basis for the Q, Qand Q estimates of rock mass quality (@eeding only multiplication bg./100, and @the use

of a specifically oriented RQD, termed RQ®levant to a loading or measurement directioi)the classification

ratings needed for tunnel and cavern design aengivthe six tables, where Q only would usuallglgp

2) For correlation to engineering parameterdesxribed in this paper, usg @ultiplication of Q byo. / 100). For
specific loading or measurement directions in anigacally jointed rock masses use REQID place of RQD in the Q
estimate. This means that ariented Q. value should contain a correctlyiented RQD, for better correlation to

orientedengineering parameters

3) Q-parameters are most conveniently collected usisiggram loggingas shown ii25]. A specially prepared
logging sheet forms the last page of this papeBesides space for recording the usual variallityarameters, for
structural domain 1, domain 2 etc., it containsinglers of the tabulated ratings at the base of a&thgram. Space
for presentation of results for selected (or alloynains at the top of the diagram, includgsical range, weighted

mean and most frequef®-parameters, and Q-values).

4) During field logging, allocate running numbers to the structural dosyain core boxes, or tunnel sections, e.g. 1
= D1, 2 = D2 etc. and write the numbers in the tedtb histogram columns, using a regular spacingefach
observation such as 11, 113, 2245, 6689 etc. fnvthiy the histograms will give the correct visualguency of all
the assembled observations, in each histogram eolBesides this, it will be easy to find the relet/Q-parameters

for a particular domain, core box or section ofrieln for separate analysis and reporting. Overaljdencies of
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observations of each rating (or selected sets taf) @an be given as numbers on separate loggegfsh_arge data

sets can be computerised when returning from te.fi

5) Itis convenient and correct to record roassvariability. Therefore allow as many fage observations of each
parameter, for instance in a 10m length of tuntiedll observations are the same, great uniforritcharacter is
implied, if variable — this is important informatioAt ‘the end of the day’ the histograms will gi@eorrect record of

variability, or otherwise.

6) Remember that logged RQD of < 10, includingu@ set to a nominal 10 when calculating Q. &wof the log
scale of Q, the histograms of RQD in the loggingettwill be sufficiently accurate if given meanwes, from left to
right, of 10, 15, 25, 35...... 85, 95, 100. The log saafl Q also suggests that decimal places shoulsée sparingly.
The following is considered realistic 0.004, 0.0, 6.7, 27, 240. Never report that Q = 6.73 wilar, since a false

sense of accuracy will be given.

7) Footnotes below the tables that follow, asee advice for siteharacterizationratings for thecase of Jw and
SRF, whichmust not be set to 1.0 and 1.0, as some authors have sadgéis destroys the intended multi-

purposes of the Q-system, which has an entirefgrdifit structure compared to RMR.

Important : Use all appropriate footnotes under the si¥emlSome have been updated or added since the

minor 1993/1994 updating of three SRF values fghlyi stressed massive rock, which were changedainew’

support techniques, namely B+S({46].

_RQD Jr  Jw
Jn Ja SRF
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1. Rock Quality Designation RQD (%)
A | Very poor 0-25

B |Poor 25-50

C |Fair 50-75

D |Good 75-90

E |Excellent 90-100

Notes: i) Where RQD is reported or measured as <10 (including 0), a nominal value of 10 is used
to evaluate Q.
i) RQD intervals of 5, i.e., 100, 95, 90, etc., are sufficiently accurate.

2. Joint set number JIn
A | Massive, no or few joints 0.5-1
B |One joint set 2
C | One joint set plus random joints 3
D | Two joint sets 4
E | Two joint sets plus random joints 6
F | Three joint sets 9
G | Three joint sets plus random joints 12
H | Four or more joint sets, random, heavily jointed, ‘sugar-cube’, etc. 15
J | Crushed rock, earthlike 20
Notes: i) For tunnel intersections, use (3.0 xJ,).
i) For portals use (2.0 xJ,).
3. Joint roughness number Jr
a) Rock-wall contact, and b) Rock-wall contact before 10 cm shear
A | Discontinuous joints 4
B |Rough or irregular, undulating 3
C | Smooth, undulating 2
D | Slickensided, undulating 1.5
E |[Rough or irregular, planar 15
F | Smooth, planar 1.0
G | Slickensided, planar 0.5
Notes: i) Descriptions refer to small-scale features and intermediate scale features, in that order.
b) No rock-wall contact when sheared
H Zone containing clay minerals thick enough to prevent rock-wall 1.0
contact. )
3 Sandy, gravely or crushed zone thick enough to prevent rock-wall 1.0
contact '

Notes: ii) Add 1.0 if the mean spacing of the relevant joint set is greater than 3 m.
iii) J,= 0.5 can be used for planar, slickensided joints having lineations, provided
the lineations are oriented for minimum strength.
iv) Jr and Ja classification is applied to the joint set or discontinuity that is least
favourable for stability both from the point of view of orientation and shear resistance, 7
(where 7 =g, tan™ (J; /).



4. Joint alteration number (0 Ja

approx.

a) Rock-wall contact (no mineral fillings, only coatings)
Tightly healed, hard, non-softening, impermeable filling,

A | . -- 0.75
i.e., quartz or epidote.

B | Unaltered joint walls, surface staining only. 25-35° 1.0
Slightly altered joint walls. Non-softening mineral

C | coatings, sandy particles, clay-free disintegrated rock, 25-30° 2.0
etc.
Silty- or sandy-clay coatings, small clay fraction (non- o

D softening). 20-25 3.0
Softening or low friction clay mineral coatings, i.e.,

E |kaolinite or mica. Also chlorite, talc, gypsum, graphite, 8-16° 4.0

etc., and small quantities of swelling clays.
b) Rock-wall contact before 10 cm shear (thin mineral fillings).

F | Sandy particles, clay-free disintegrated rock, etc. 25-30° 4.0
G Strongly over-consolidated non-softening clay mineral 16-24° 6.0
fillings (continuous, but <5 mm thickness). '
Medium or low over-consolidation, softening, clay
mineral fillings (continuous, but <5 mm thickness).
Swelling-clay fillings, i.e., montmorillonite (continuous,
J |but <5 mm thickness). Value of J, depends on per cent 6-12° 8-12
of swelling clay-size particles, and access to water, etc.

¢) No rock-wall contact when sheared (thick mineral fillings)

H 12-16° 8.0

KL | Zones or bands of disintegrated or crushed rock and 6-24° 6, 8, or
M |clay (see G, H, J for description of clay condition). 8-12
N Zones or bands of silty- or sandy-clay, small clay fraction _ 50
(non-softening). '
OP | Thick, continuous zones or bands of clay (see G, H, J for 6-24° 10, 13, or
R | description of clay condition). 13-20
5. Joint water reduction factor gfepsr.o(xkg",vcar;%r) Jw
Dry excavations or minor inflow, i.e., <5 I/min locally. <1 1.0
B mlier:ié:m inflow or pressure, occasional outwash of joint 1-25 0.66
c |Large inflow or high pressure in competent rock with 25.10 05
unfilled joints.
Large inflow or high pressure, considerable outwash of )
D |ioint fillings. 25-10 033
E Excep_tlonal_ly h_|gh inflow or water pressure at blasting, > 10 0.2-01
decaying with time.
F Excepﬂona}ly high inflow or water pressure continuing > 10 0.1-0.05
without noticeable decay.

Notes: i) Factors Cto F are crude estimates. Increase J,, if drainage measures are installed.

ii) Special problems caused by ice formation are not considered.

iii) For general characterization of rock masses distant from excavation influences, the use of
Jw = 1.0, 0.66, 0.5, 0.33 etc. as depth increases from say 0-5m, 5-25m, 25-250m to >250m
is recommended, assuming that RQD /Jn is low enough (e.g. 0.5-25) for good hydraulic
connectivity. This will help to adjust Q for some of the effective stress and water softening effects,
in combination with appropriate characterization values of SRF. Correlations with depth-
dependent static deformation modulus and seismic velocity will then follow the practice used
when these were developed.



6. Stress Reduction Factor SRF
a) Weakness zones intersecting excavation, which may cause loosening of rock mass
when tunnel is excavated
Multiple occurrences of weakness zones containing clay or chemically

Al . 10
disintegrated rock, very loose surrounding rock (any depth).

Single weakness zones containing clay or chemically disintegrated

B : 5
rock (depth of excavation < 50 m).

C Single weakness zones containing clay or chemically disintegrated 25
rock (depth of excavation > 50 m). )
Multiple shear zones in competent rock (clay-free), loose surrounding

D 7.5
rock (any depth).

E Single shear zones in competent rock (clay-free), (depth of excavation 50
<50 m). )
Single shear zones in competent rock (clay-free), (depth of excavation

F 25
> 50 m).

G |Loose, open joints, heavily jointed or ‘sugar cube’, etc. (any depth) 5.0

Notes: i) Reduce these values of SRF by 25-50% if the relevant shear zones only influence but do
not intersect the excavation. This will also be relevant for characterization.

b) Competent rock, rock stress problems 0./01 | Og/Oc SRF
H | Low stress, near surface, open joints. > 200 <0.01 2.5
J | Medium stress, favourable stress condition. 200-10 | 0.01-0.3 1

High stress, very tight structure. Usually
K | favourable to stability, may be unfavourable for 10-5 0.3-0.4 0.5-2
wall stability.

L |Moderate slabbing after > 1 hour in massive rock. 5-3 0.5-0.65 5-50

Slabbing and rock burst after a few minutes in

M massive rock. 3-2 0.65-1 50-200
Heavy rock burst (strain-burst) and immediate
N dynamic deformations in massive rock. <2 >1 200-400
Notes: i) For strongly anisotropic virgin stress field (if measured): When 5 < ai /03 <10, reduce o

t0 0.75 ¢:. When a; /o3 > 10, reduce ¢ to 0.5 ¢, where ¢; = unconfined compression
strength, g; and gz are the major and minor principal stresses, and g, = maximum
tangential stress (estimated from elastic theory).

iii) Few case records available where depth of crown below surface is less than span width.

Suggest an SRF increase from 2.5 to 5 for such cases (see H).

iv) Cases L, M, and N are usually most relevant for support design of deep tunnel excavations

v)

in hard massive rock masses, with RQD /Jn ratios from about 50 to 200.

For general characterization of rock masses distant from excavation influences, the use
of SRF=5, 2.5, 1.0, and 0.5 is recommended as depth increases from say 0-5m, 5-25m,

25-250m to >250m. This will help to adjust Q for some of the effective stress effects,
in combination with appropriate characterization values of Jw. Correlations with

depth - dependent static deformation modulus and seismic velocity will
then follow the practice used when these were developed.

c) Squeezing rock: plastic flow of incompetent rock under the
influence of high rock pressure Og/Oc SRF
O [Mild squeezing rock pressure 1-5 5-10
P |Heavy squeezing rock pressure >5 10-20

173

Notes: vi) Cases of squeezing rock may occur for depth H > 350 Q™ according to Singh 1993 /34/.

Rock mass compression strength can be estimated from SIGMA., =5 yQ.** (MPa) whe
y=rock density in t /m®, and Q.=Qxa; /100, Barton, 2000 /29/.

re

d) Swelling rock: chemical swelling activity depending on presence of water SRF
R | Mild swelling rock pressure 5-10
S | Heavy swelling rock pressure 10-15
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