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Himalayan region that were
squeezing conditions.

undergoin

An alternative method favored by
Tanimoto (1980) incorporates strain soft-
ening behavior and may apparently explain
the measured deformation of ground in a
very realistic manner. This model (Figure
4) consists of two hypothetical rings with
softening (post-peak) behavior in the
outer ring and flowing material in the
inner ring adjacent to the support. An
idealized tri-linear stress-strain curve
is envisaged, the initial linear portion
up to peak strength representing the
elastic surroundings, the post-peak por-
tion down to residual representing the
strain softening ring, and the flat resid-
ual portion representing the inner ring of
floving material. The model gives a
simple illustration of the value of Limit-
ing displacements by the timely applic:

tion of support close to the face. To
prevent softening, strains should be
Linited to the pre-peak linear-elastic
domain. If strain softening is unavoid-

able it should be limited so that the

flowing or residual state is avoided.
i
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Figure 4. Idealized elasto-plastic and

strain-softening model,

Numerous measurements indicate that
radial convergence close to a tumnel face
is arrested when face advance stops, and
oceurs rapidly when face advance proceeds.
An obvious example is seen in Figure 3.
Measurements also show that time dependent
deformation of rock is greater if too much
progressive failure (strain softening) has
been allowed to occur by inadequate sup-
port close to the face. Due to "half-

done" action, the tunnel face plays an
important role as a temporary support.
When advancing the face in rock that is
not self-supporting, it is necessary to
provide support to substitute for the
half-dome action.  Systematic support
installed close to the face is designed to
maintain confining stress and thereby
decrease differential or shear stress
(Tanimoto, 1980).

A rock which is heavily jointed,
crushed or clay bearing may deform at such
a rapid rate in the initial one diameter
of face advance beyond the present face,
that significant strain softening will
occur unless support is placed at the face
or within perhaps one meter of the face.
The strain softening behavior shown in
concept in Figure 4 applies both to fail-
ure of soft rocks and to slip along planar
or clay bearing joints. Systematic con-
trol of displacement by immediate applica-
tion of shotcrete and systematic bolting
up to the face will minimize the subse-
quent loosening and support load as the
face 1is advanced and “half-done action" is
replaced by the less effective "ring ac-
tion"

COMPARTSON OF SUPPORT TECHNIQUES

Two interesting case records are
described by Madhavan (1982) based oo
experiences in 3.7 and 3.8 m diameter
tunnels at the Giri and Loktak hydroelec-
tric projects. The severity of rock
conditions at the Loktak project are also
vividly described by Tyagi and Sharma
(1982) and by Kanta and Balaram (1982).
In the case of the Giri project the rock
was alloved to move almost without re-
straint and re-excavation vas done where
necessary. The final concrete lining was

poured when the convergency rate was
small.

In the case of the Loktak project,
squeezing, unconsolidated lake
and soft, friable shale and

caused roof collapse and floor heave, and
one fully supported section of tunnel with
steel ribs, mesh reinforced shotcrete and
systematic bolting collapsed, resulting in
the tragic loss of five lives. Conditions
were 50 extreme that closures repeatedly
obstructed rolling stock movement and_had
to be rectified several times. This
appears to be an example where conditions
were so severe that the NATH provided
inadequate stiffness to provide the neces-
sary internal support pressure.
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An example known to the author pro-
vides another interesting comparison of
the performance of stiff support and
Flexible support in the same 10 meter span
highuay tunnel. The tuanel is being driven
through heavily jointed granite with zones
of hydrothermal alteration and svelling
Clay joint fillings, at a depth of 1000
meters. A Q-value of approximately 0.005
was estinated. Figures 5 and 6 illustrate
the two conceptual approaches to support
being used by tuo different contractors
who are comstructing the tunnel from
opposite portals.

The double bottom-heading method
shown in Figure 5 utilizes two rib-rein-
forced pilot tumels (1) which are driven
ahead of the main tunnel. The key feature
of the method is the massive concrete
walls (2) which provide a rigid footing
for the massive steel arches (4) which are
placed right up to the face from a narrow
top heading (3). In the poorest ground
the depth of the steel arches is doubled
to increase stiffness.

The NATH approach illustrated in
Figure 6 is designed to provide confine-
ment for the rockmass using a closely
spaced system of 9 m long fully grouted
bolts, and relatively light steel arches
and mesh reinforced shotcrete. As on some
previous occasions, this NATM design
incorporated compressible slots in the
shotcrete arch, and sliding joints in the
steel arches. This inbuilt flexibility
was designed to satisfy the NATY ideal of
support reaching its yield point at the
point of intersection of the load-deforma-
tion and stress-relaxation curves for the
support and ground respectively.

The efficiency and cost of the above
tunnel support methods were markedly
different. The stiff double bottom-hea
ing method (Figure 5) controlled the
ground effectively and the final 70-130 cm
thick concrete lining was in perfect
condition except where intercepted by
ventilation cross-cuts, where the high
support loads were apparent in cracks
bordering the intersections. Great diffi-
culties vere experienced with the NATH
support. The heavily stressed, swelling
clay-bearing rock was extremely difficult
to drill. A very large number of bolts
failed and had to be replaced. Conver-
gence of 30-40 cm was registered and the
final concrete lining showed signs of
cracking. Support costs were extremely
high due primarily to failure of the

bolting in the extremely unfavorable
conditions

The above cases illustrate the impor-
tance of designing support with componeats
of compatible stiffness. It appears likely
that the NATY system of compressible slots
in the shotcrete, the light steel arches
and their sliding joints vere, in this
instance, too flexible relative to the
potential stiffness of fully grouted
bolts. Since many bolts failed, the
support system as a vhole did not behave
in a strain-hardening manner as required.

BOLTING To INPROVE SHEAR STRENGTH

The general practice of installing
rockbolts close to the tunnel face has
been used in NATY and Scandinavian tua-
neling projects for many years. The
bolting assists in maintaining the pre-
excavation state of joiat interlock, and
will physically improve shear streagth in
the event that joint shear and dilation
begin to occur as a result of highly
anisotropic stress, unfavorable joiat
orientation, or low shear resistance.

The same principles may need to be
followed vhen creating a rock cutting if
joints are unfavorably oriented, as de-
Scribed in an interesing case record by
Rao (1982). Bolting or anchoring should
be installed early enough to maintain
joint interlock and to augment the shear
Streagth as displacements begin to occur
while the cutting is excavated. The final
loads on the bolts or anchors will be
lower if displacements can be limited to
the pre-peak portion of the relevant shear
stress-deformation  curves. However,
timing of support comes into the picture
for cuttings in much the same way as for
tunnels. 1f fully grouted anchors are
installed before any shear stresses are
developed, the high stiffoess of the
anchors at each "joint-crossing” will
cause the anchor to be subjected to the
full excavation-induced shear stress, vith
Little if any assistance from the inherent
strength of the joints. The difficult-to-
achieve ideal is the anchor that reaches
yield just before the joint has fully
mobilized its peak strength, and prior to
the post-peak reduction in strength.

OPTIMUM BOLT ORIENTATION

Tunnels, powerhouses and rock cut-
tings may require similar specialized
support in cases where an unfavorably
oriented joint set or discontinuity pro-





image9.png
Figure 5. Extra stiff temporary (and permaneat) support provided by the double bottom-
heading method.

Figure 6. NATM approach to exceptionally poor ground may be too flexible if bolts fail
to anchor during the temporary support phase.
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duce a potestislly large wastable block.
Cases such as these are illustrated in
Figure 7. It may no longer be adequate to
select support based on Q-system param-
cters. The relative block size repre-
seated by RQD/J, (Table 1) is now replaced
by a much large? potential block size, and
bolting mist be modified accordingly

Simple force diagrans can be con-
structed for the two situstions illus-
trated in Figure 7. If ve assume that all
the forces pass through the block's cen-
troid, then moment equilibrium is satis-
fied, and we need only select the appro-
priate bolting force B (per rumning meter
of slope) to close the force diagram. The
net result is a minimm value of B vhen
the bolting is inclined at the mobilized
angle of friction (arctan 1/0,') compared
with the joint or discontinuit}.

For the case of a major clay filled
discontinuity it will probably be wisest
to assume the drained residusl friction
angle (6') when performing this design
exercise” Depending on the clay content,
this may range anywhere from 10°-25°, and
occassionally even lower. Shear testing
is sdvisable if the consequences of fail-
uze are significant

For the case of a set of unfavorably
dipping joints the scale of problem may
warrant some simple index testing. A
major cutting for a highway, spillvay, dam

‘abutment or canal may invo .ve Such a large
quantity of bolting that design optimiza
tion is essential. The full-scale shear
force displacement behavior of he joints
needs to be sscertained before an optimum
design can be achieved.

ESTINATING SHEAR STRENGTH FOR BOLT DESIGN

The first thing to be avare of vhen
estimating or measuring the shear stremgth
of joints is the potential sample size
effect. If the joints are sigaificancly
cough, the size effect will cause relative
changes of behavior similar to those shown
in Figure 8. At full-scale, shear streagth
is mobilized more gradually, aad post-peak
behavior exhibits only a minor negative
slope. This property makes bolting desiga
easier than would be the case if labora-
tory behavior were exhibited.

The first parameter to evaluste is
the peak angle of friction for blocks of
natural size in the slope. The values
obtained may be loer than ¢ (residual)
from s laboratory test, and will often be
in the range 35°-45° if clay coatings are
absent.

Rao (1982) refers to numerous rock
slides occurring at the Nagarjunasagar
canal project. Unfavorably orientated

Foliation and joint planes in phyllite and
granite dipped at 359-65° into the slopes.
The presence of joints was revesled by

. O
ol — =
Be==
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Figure 8.

nay be Lower than laboratory scale "

(1981).

Sample size effects result in less "brittle” and more "ductile’ stress-
displacement behavior as sample size is increased

Full-scale peak strength
sidual” strength. After Bandis, et al.
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drilling, but it appears that the core was
ot orientated. The adverse nature of the
jointing was not therefore appreciated
until construction began.

In such a situation, there would
appear to be tuo options available. If we
make the assumption that orientated drill
core is not going to be available, then
all joints in the core should be charac-
terized with a view to eliminating or
proving a potential stability problem.
Simple index tests such as those illus-
trated in Figure 9, combined with Schmidt
hammer surveys, will allow preliminary
estimation of full-size shear strength
behavior

Figure 9. Characterizing joints in drill

Core to determine the basic
friction angle (§')) of smooth
surfaces and the jBint rough-
ness coefficient (JRC)) of lab-
oratory size joint saiples.
After Barton (1982).

When excavation is begun it may be
necessary to conduct tilt or pull tests on
natural size blocks as shown schematically
in Figure 10. This larger scale of test
would be performed if one set of the
Joints proved to have adverse orientation
relative to the slope. Methods are avail-
able for predicting the full-scale shear-

force displacement behavior from simple
tests of this type, for any desired range
of effective normal stress (Barton, 1982).

The provision of sub-horizontal drain
holes would be a worthwhile addition to
slope stabilization in nearly all cases
The water uplift and temsion crack forces
(U) and (T) shown in Figure 7 add consid-
erably to the required anchor force (B)
per running meter of slope. In the exam-
ple shown in Figure 7, drainage that
reduced the vater pressures by half would
also reduce B by about 50%. Sometimes the
gains would be even more marked

CoNCLUSTONS

Tunnel support pressure is a diffi-
cult parameter to measure, and may
not be relisble as a basis for sup-
port design. This is due to the
usually variable rock structure, the
variable stress, and the influence of
face advance and timing of installa-
tion, to say nothing of the variable
stiffness of existing support.
Support pressure estimates obtained
from rock mass classification methods
may be uarelisble for the same rea-
sons. Where possible, support should
be selected by direct classification
of the rock mass and direction corre-
lation with successful case records.
Two hundred cases are synthesized in
the Q-system.

Rockbursting and squeezing ground are
common phenomena in that the strength
of the ground is locally exceeded by
the tangential stress. The modes of
failure are differeat due to the
contrasts in brittle and ductile
defornation.  Competence factors
describing the ratio of unconfined
compression strength and principal
stress level provide initial guidance
on the degree of poteatial bursting
or squeezing respectively.

3. Most rock masses exhibit pseudo-elas-
tic deformation at small strain, a
strain-softening post-peak defor-
mation at intermediate strains, and a
residual constant resistance flow-
type deformation at high strains.
Ground that is prone to squeezing due
to its low strength may benefit more
from high stiffness support placed
close to the face, than from the
flexible strain-hardening type of
support. favored by proponents of the
NATH. Shotcrete that is provided
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TILT TEST

PULL TEST

Figure 10. Vhen excavation reveals potential stability problems, inexpensive tilt o
pull tests on natural size blocks will provide the full scale data needed

for anchor design. (Barton, 1982)
with compressible slots may be too
£lexible to be compatible with fully
Beouted systematic bolting, and the
combined support may fail ‘to be
atrain-hardening as desired

4. Bolting may need to be specially
designed for reinforcing major unsta
ble vedges in tummels, or for rein-
foreing rock cuttings with unfavor-
able joiating. The key piece of
input data required for this design
is the large-scale mobilized angle of
friction (drained) of the relevant
joints or clay-bearing discontinuity
The mobilized angle of friction will
be the value corresponding to the
shear displacenent that has occurred
uhen the reinforced system has come
to equilibriun. This friction angle
deternines the optimum bolt installe-
tion angle relative to the discontin-
uity or joint set orientation
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CHARACTERIZING ROCK MASSES TO IMPROVE EXCAVATION DESIGN
METHODES POUR DECRIRE DES ROCHES AFIN D'AMELIORER LES EXCAVATIONS

Nick Barton

Consultant, Terra Tek, Inc., Salt Lake City, U.S.A.

ABSTRACT

A frequent theme of the fifty papers reviewed in this panel report is the descrip-
tion and classification of rock masses as an aid to improved tunnel support design.
Tunnel support can be crudely designed by approximate calculation, by measurement of
support pressure, or by direct selection of support based on precedent and on a rock

55 classification system. Instrumentation aided design must be carefully evaluated to
check that installation timing and three-dimensional face advance affects are fully
understood. Problems of support design in squeezing ground are addressed. A comparison
between rock bursting and rock squeezing is made based on a simple classification. A
case record is reviewed in which the same tunnel vas driven through squeezing ground
with stiff support and with more flexible NATH-type support.

Specialized bolt reinforcement for rock wedges or cuttings is discussed. Correctly
orientated and dimensioned rock bolting can be designed using simple force diagrams,
with full-scale values of the mobilized friction angle as input. Methods of estimating
full-scale frictional strength from simple tests on jointed drill core or jointed blocks
are discussed.

ABSTRAIT

Un sujet qui revient fréquemment dans les cinquante études revues dans ce rapport
concerne 1a description et la classification des roches pour améliorer les souténements

prévoir dans les excavations. Ce souténement peut étre étudié grossomodo par des
calculs approximatifs, par la mesure de la pression supportée par le souténement, ou par
une sélection directe du support basée sur ce qui précede et sur un systéme de classifi-
cation des roches. Les instruments qui servent i cet effet doivent étre soigneusement
évalués ceci pour vérifier que les effets de 1'ajustement de 1'installation et de
1'avancenent des travaux sur trois dimensions sont pleinement compris. Les problimes de
souténcment dans un sol oi les roches sont contractées, sont abordés. Une comparaison
entre une roche qui se dilate violemment et une roche qui se contracte est faite, b
sur une simple classification. Un rapport, dans lequel le méme tunnel est creusé dans
un sol rocailleux contracté avec un souténement rigide et avec un souténement plus
flexible du type NATH est revu.

Le renforcement des boulons destinés aux coins des roches ou aux fissures est
étudié. Le boulonnage des roches, correctement orienté et mesuré, peut étre étudié en
utilisant des diagrammes de force simple, avec, comme données, des valeurs a 1'échelle
normale de 1'angle de friction.  Des méthodes pour estimer la force de friction &
1'échelle normale par simples tests sur des fissures dans des roches de forme cylindri-
que sont étudides.
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INTRODUCTION

Designing appropriate support for
tunnels through difficult ground is one of
the most elusive goals of the engineer and
geologist. Perhaps for this reason the
two professions have been combined into
one, and we now expect from one profes-
sional a firm recommendation for an engin-
cering design based on his or her inter-

pretation of the geology. This is a
healthy improvement upon the earlier
problems caused by poor communication
between the geolog engineer.

However, it places considerable responsi-
bility on the shoulders of the engineering
geologist.

A synthesis of engineering solutions
that have succeeded in past projects is
helpful information. However, unless
present ground conditions can be matched
with past conditions and their solution,
uncertainties will remain. Conservatism
is expensive in tunneling, but inadequate
design may in the long run be even wore
expensive, after mistakes have been reme-
died.

The possibility of selecting a bal-
anced engineering solution is provided by

method such as the Q-system. Figure 1
indicates the comprehensive range of rock
qualities for which support solutions can
be readily selected. At present, excep-
tionally poor conditions (Q < 0.01) are
sparsely represented, and the Q-system is
of limited help in assisting in the selec-
tion of appropriate support in this range
of conditions. Fortunately, this situa-
tion is shortly to be remedied.

‘SUPPORT PRESSURE_ESTIMATES

Several authors have presented papers
to this Congress describing the use of
Terzaghi and Q-system rock load estimates
for support design (e.g. Tiku and Dhar,
1982; Barna, 1982; Jethva, et al.,.1982)
Their experiences are apparently mixed.
Possibly there are too many factors that
make support pressure estimates uncertain.
Concerning the Q-system, only 25 case
records were available to the authors
(Barton, et al., 1974) that described
support pressure measurements and included
detailed descriptions of the rockmas
Only four of these cases were represented
by Q values less than 0.1.

A design procedure that relies on
conversion of a support pressure estimate

2 comprehensive rockmass classification  into a structural design is inherently
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Figure 1. A synthesis of engineering solutions for tummel support in videly varying

rock conditions is provided by the 200 case records used to develop the  *

Q-system (Barton, et al., 1974).
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‘Table 1. Descriptions and Ratings for the $ix Q-System Paramaters
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ect due to the complexities of ground
reaction. Three-dimensional face advance

effects (including the time factor) will
pressure

1y influence support
and vill also infl

perfornance of designed support.

the Q-system are thes

possible to use the

of the much lacger
cases compared to 25 cases.

Recent vork {a Japan (Tanimoto, 1982)

{n tumnels o extrenely and exceptionally

poor $round (0 0.1-0.001) has provided aa
aifent dats

Tecomendations

squeezing and
supplementary data is loag overdue and
Will be a welcome isprovement to the

velling ground.  This

@
INSTRUMENTATION VITH FACE ADVANCE

stem vhen published.

Three-dimensional elastic analyses
that similate tuanel face advaace, and
tunnels specislly instrumented shesd of
the face show & consist
behavior. Both show
Ciating vhen the tunnel is about two radii
from the instrusents, aod they show dis-
placement accelerating rapidly as the face
beyond the plane of the imstru-
In elastic ground more than 0% of
the displacenent has occurred by the time

the face is one-half radius beyond the
measurement point (Figure 2). Consequent-
Iy instrusents that are installed some-
where between the face and one-half radius
from the face will be failing to monitor
of the total e

ly in the range
"~ Stailar

be exhibited by support pressure monitors

A practical example of this instru-
mentaticn behavior is shova in Figure 3.
The 5 mm displacement recos

ometer E2 (parallel to
approximately ‘one-third of the maguitude
recorded by E1 (perpendicular to bedding).
Both these displacements were recorded in
the 26 hour interval between instrusent
installation one-half  radius from the

face, and & face advance to two radii

(at 3 radis).

The displacement recorded in this
1y less than 20% of the
according to the 30 analysis shovn
Figure 2. This illustrates the poten-
roblem in back-calculating apparent
cocknass moduli from » cosbination of
instrusentation and to-dimensional analy-
ses. The location and timing of instru-
mentinstallation relative to the face
advance has to be carefully considered,
nd 3 three-dimensionsl analysis sppears
casential if results are to be correctly
interpreted for design purpos

DISTANCE (a/a)

IyY hen T TN )

FACE

tic finite element analysis of face advance effects,
Note the extremely lov ratio of E/a,, rep

nting
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Figure 3

Displacements recorded in a deep shaft in quartzite by one of the multiple
position borehole extensometers (Barton, et al., 1982)

Despite instrument

Installation only 3 few feet from the face, most of the elastic displacement
Will have occurred before the instrusents are in place.

Sinilar problems of interpretation
Wil exist with support pressure monitor-
ing. An additional uncertainty here will

be the influence of the stiffness of
existing  support, which will cleacly
influence the messured results. Support

pressure instrumentation is no more than 3
Crude point sampling of 3 disturbed,
inhereatly varisble medium.

The above instrumentation of a deep
shaft in quirtzite indicates that the rock
was behaving in an elastic or pseudo-
elastic manner. The unconfined compres-
aion strength (3.) of the quartzite vas in
the range 130-§70  MPa, ‘and the major
principle stress (0,) was approximately
55-60 MPa. This mesns that the ratic
(0/0,) was in the range 2.3-3.0. This
pliices the present shaft depth (1580 =) in
The "wild rock burst" category in Table 1,
section 6(b). Popping activity vas act-

uslly evident during instrument installs
Tion, and 3 section of the shaft vall vas
damaged by & mild rockburst soon after the
installation, during resumed sinking of
the shaft.  Classification of rock condi
tions according to the Gsystem was as
follous:

@, ~ 12 joints/a®)
Fet nteresting de
Scription of poram
cuer 3, see
Sirde (1082

(tvo joint sets plus
randon)

(rough, planar joint
sucfaces)
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J, ~ 1.0 (usaltered joint sur-
faces)

3, ~ 0.66 (medium pressure vater
inflow)

SRE ~ 8 (mild rock burst)

'ROCKBURSTING AND. NG

question that arises
p between rockbursting
caused by rock stress problems in compe-
tent brittle rock as above, and squeezing
problems caused by the post-peak or plas-
tic behavior of less competent rock sub-
jected to high stress. Several papers
presented in this Congress refer to the
extreme difficulties of tumeling in
inconpeteat highly stressed rock.

The ratio of rock stress to rock
strength (unconfined) appears to provide a
useful guideline to behavior both for the
case of highly stressed competent rock,
and for the incompetent rocks that fre-
quently exhibit squeezing as opposed to
bursting. In Table 1, section 6(b) the
expected behavior of competent massive
rock is described, using the ratio of
unconfined compression streagth () and
the major principle stress (o). The:
ratios determine the appropriate values of
SRF, the stress reduction factor, for
deternining the Q-value of competeat
brittle rock.

For the

competence factor (C ), defined as the
ratio of unconfined Lompression streagth
) to overburden pressure (y.h). Obser-
vabions of behavior at more than 50 tun-
seling sites in Japan 1ed Yakano o ue-
t the behavioral relationships shovn on
Bhe right in Table 2.

The similarity in the ratings in
Table 2 is striking. Considering the
lover value of the vertical stress 0
(yh) compared to the major principal
stress 0,, it may teatatively be observed
that squeezing initistes at a relatively
lover ratio of streagth to stress than
bursting. Increased disturbance during
excavation in incompetent rock might be
responsible for the slight differences.

Theoretical tangentisl stress con-
centration factors in the range 2.0-:
are geerally obtained for a variety of
stress distributions and for a variety of
tunnel shapes (Hoek and Bray, 1980). The
extreme “"competence factors® of <2 and
<2.5 represent rock that may suffer trau-
matic failure unless the tuanel is heavily
supported.

'SUPPORT CONCEPTS FOR STRAIN SOFTENING
B ..

A common technique for modeling
over-stressed ground is the elasto-plastic
model, utiliziag Couloab's yield criterion
for the immer "plastic ring" of material.
This method, combined with momitoring
during construction vas favored by Jethwa,

Of squeezing ground,  cr al. (1982) for optimizing support
Nakano (1979) has utilized a simila o e M e oy 2 i
Table 2
Comparison of Ratings for Rock Stress Probless
Vith Tuaaels in Copetent and Incompetent Rock
COMPETENT ROCK % INCOMPETENT ROCK
Rock Dursting Provless 3, S| Rock Squeceing Problcas
(Barton, et 31., 1978) kano, '1979)
Low Stress, Near Surface > 200 2.5 | Slight or No Rock Pressure
Hedium Stress 20010 1.0 | Looseniag Rock Pressure
High Stress, Very Tight  10-5  0.5-2 | Light to Large Squeezing
Structure | Rock Pressure
Mild Rock Burst 5-2.5  5-10 | Heavy to Very Heavy
Squeezing Rock Pressure
Heavy Rock Burst as 0





