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ABSTRACT

The application of rock mass — tunnel support axtgon analysis in designing the

tunnel support system is well known. The interactmalysis includes the prediction of
both ground response and the support reaction suiwethis Part-I of the paper, an

approach has been proposed for quick and religikrmination of the ground response
curve, both for self supporting / non-squeezingugrb condition and the squeezing
ground condition. The dominating influence of tmermediate principal stress has
been accounted for in the analysis. The approastb&an proposed on the basis of field
studies conducted in nine different tunnelling pot$ in India and the analysis of field

instrumentation data. Using this field data, catiehs have also been proposed for
predicting the tunnelling conditions, modulus ofatenation of rock mass, influence of

depth on modulus of deformation and the apparesbgth enhancement.

Keywords:Rock mass; Tunnel support interaction; Groundaese curve.

1. INTRODUCTION

Morrison and Coates (1955) were the first to asstimeeduced strength of rock mass
in plastic zone around the tunnel and used anielasttle plastic model for prediction
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of displacements and stresses around its periphatgr, several authors considered an
elastic-strain softening behavior of rock mass gisrtri-linear stress-strain law (Diest,

1967; Daemen and Fairhurst, 1971; Hendron and Ai$872; Egger, 1974; Panet,

1976; Korbin, 1976; Brown et al., 1983 and Shar®85). Fritz (1984) assumed that
rock mass behavior in plastic zone is primarily ggoved by the properties of the plastic
St. Venant element.

Brown et al. (1989) proposed solutions for stressekstrains around an axi-symmetric
excavation in an infinite media considering the potaw and exponential variation of
elastic modulus with minor principal stress. Higtakt al. (1989) considered peak and
residual strength criteria and non-linear stresmsstrelations which change with
confining pressure. Carter and Booker (1990) studlee influence of the rate of
excavation on stress distribution around circulannels and concluded that rapid
excavation may result in a significant change iorskerm stress distribution.

Early solutions proposed by Morrison and Coate$%),.9Hobbs (1966), Bray (1967),
and Diest (1967) did not include any treatment lasfic volumetric strains, although
some of them allowed for a strength reduction ie ftastic zone. Labasse (1949),
however, evaluated an average plastic dilatiothénrock mass. The concept was later
used by others including Lombardi (1970), Daemed &airhurst (1971), Ladanyi
(1974) and Jethwa (1981). Influence of parametkesfhce advance and shear stress on
support pressure were studied by Jethwa (1981) mbdified Daeman’s (1975)
equation for short-term support pressure to inclhése effects.

Convergence confinement method of tunnel desigriclwis based on rock mass —
tunnel support interaction concept was discussedetail by Gesta et al. (1980),
Duddeck (1980) and Lombardi (1970). Based on a @visgn of analytical results with
field measurements, Eisenstein and Branco (1994¢laeded that while the method is
applicable to deep tunnels, it is not suitable $twallow tunnels due to non-axi-
symmetric mode of deformation and development astity in the latter. Corbetta et
al. (1991) included the effect of distance from thanel face at the time of support
installation in convergence confinement method applied it to an elastic — perfectly
plastic ground.

2. STATEMENT OF PROBLEM

Prediction of ground response curves in elastic agdeezing grounds, using the
approaches discussed earlier, depends upon a nushbeput parameters some of
which are difficult to estimate, thus affecting tiediability of analytical results. Limited
studies are available as regards cross-checkinghebretical results with field
observations. Mohr-Coulomb theory is not valid &isotropic and jointed rock masses
and in-situ stress along the tunnel axis (intermediprincipal stress) may reduce
support pressures drastically. There is, thereforeeed to develop a simple, yet reliable
approach for the prediction of ground response esurdirectly from the data of
instrumented tunnels.
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3. FIELD INSTRUMENTATION AND MONITORING OF TUNNELS

Monitoring of the rock mass behavior by field instrentation is the backbone of the
observational method of tunnel support design based“Design As You Go”
philosophy of NATM. The tunnel instrumentation farch an important part of a
comprehensive field study carried out at nine tllimge project sites in India with a
view to develop an approach for determination olugd response and support reaction
curves. The field study comprised of:

() instrumentation to measure support pressundg@nnel deformations,

(i) estimation of Barton’s (1974) rock mass qtaliQ and Bieniawski's (1979) rock
mass rating, RMR at instrumented and other tureaians,

(iii) collection of other relevant data such ageyf rock mass, modulus of deformation,
uni-axial compressive strength etc. wherever abbila

(iv) collection of geometric details of tunnelschuas direction of tunnel axis, size and
shape of tunnel, depth/height of overburden, and

(v) collection of details related to tunnel sugpsystems such as dates of tunnel
excavation and support installation for each imarnted section, section of steel
ribs used, type and thickness of backfill etc.

This field study was carried out at 63 differenirial sections of nine tunnelling project
sites in India. Out of these, details of about 86tisns of 9 tunnelling projects are
presented in Tables 1 and 2 for tunnels excavatedon-squeezing and squeezing
ground conditions respectively along with detaifsvarious rock types encountered,
rock mass quality, Q, depth of overburden, H amrdttimnel size.

Table 1 - Tunnel sections in India in hon-squeegirgnd condition

S. Project Section Rock type Q Height of Excavation
No. chainage overburden | diameter
(m) (m) (m)
1 Tehri Hydro Project, lower | a) 828, Phyllites 0.36 295 9.5
Himalaya, Uttar Pradesh HRT-3 Grade (Gr)-11l
b) 829, Phyllites Gr-111 | 0.36 295 9.5
HRT-3
C) 683, Phyllites Gr-I 14 225 13.0
LBDT-1
d) 614, Phyllites Gr-1l | 3.2 240 13.0
RBDT-1 with bands of
Gr-l
e) 615, Phyllites Gr-1l | 3.2 240 13.0
RBDT-1 with bands of
Gr-l
2 Maneri Uttrakashi Tunnel, | a) 789.5, Metabasics 0.66 | 367 5.8
lower Himalaya,Uttarakhand u/s Heena | witha 1.5 m -
thick shear 0.10
zone
b) 1060, u/g Foliated 34— | 234 5.8
Heena Metabasica 6.8
c) 738.5, Moderately 3-6 | 250 5.8
d/s Maneri | Foliated
Quartzites
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d) 1310, u/g Foliated 3.4 — | 467 5.8
Uttarkashi | Metabasics 6.8
3 Maneri stage-Il, lower a) 1568.5, | Greywackes 2.75 100 7.0
Himalaya Uttarakhand u/s Dharas\
b) 1680.75,| Greywackes 1.02 175 7.0
u/s
Dharasu
4 Tandsi Mine, M.P. a) 0.60 Talchirs 11.9 16 5.4
b) 0.80 Talchirs 32 18 5.4
c) 0.22 Talchirs 1.1 67 5.4
d) 0.265 Talchirs 9.07 88 5.4
5 Bagur-Navile Tunnel, a) 6380 Schistose 0.08 45 6.0
Hemavathy Irrigation Gneiss
Project, Karnataka
b) 10678 Schistose 13.53 | 50 6.0
Gneiss
c) 8695 Schistose 13.53 | 49 6.0
Gneiss
6 Lower Periyar Project, a) 2361 Granite-biotite| 4.4 120 6.8
Kerala gneiss
b) 6218 Granite- biotite 5.5 197 6.8
gneiss
Notation Q — Barton’s rock mass quality; HRT — Head racwel; LBDT — Left bank diversion tunnel; RBDT —
Right bank diversion tunnel; u/s — Upstream; -d3ownstream
Table 2 - Tunnel sections in India in squeezingigtbcondition
S. Project Section Rock type Q Height of Excavation
No. chainage (m) overburden | diameter (m)
(m)
1 Maneri stage-Il, lower | a) 50.5 Metabasics 0.88 710 2.5
Himalaya, Uttarakhand | Dhanarigad
drift (u/s)
b) 51 Metabasics 0.88 710 2.5
Dhanarigad
drift (u/s)
c)777.2 Crished 0.18 705 7.0
Dhanarigad | Quartzites
drift (u/s)
2 Giri Hydro Project, - Completely 0.062 | 240 4.8
lower Himalaya, H.P. crushed -0.32
phyllites
- Very blocky | 0.32— | 380 4.8
& seamy 0.82
slates
3 Chhibro-Khodri Tunnel, | a) 2575 Red shales 0.025 280 3.0
Yamuna Hydro Project, -0.1
lower Himalaya,
Uttarakhand
b) 2621 Black clays & 0.016 | 280 3.0
seamy slates | — 0.03
c) 1199 Crushed red | 0.012 | 680 9.0
shales —0.05
4 Loktak Hydro Project, | - Shales 0.0111 300 4.8
Manipur -
0.044
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The main purpose of field work was to study thepoese of ground upon excavation
and support behavior at various tunnel sectiont) aiview to develop empirical/semi-
empirical approach for predicting ground responsd support reaction curves. The
scheme of instrumentation, therefore, consisteanohitoring these two parameters
using : i)mechanical load cells with dial gauge arfatating wire type electrical load
cells having a battery operated portable electrieatl-out unit and a digital display, for
measuring hoop load in steel ribs, ii)contact presscells to measure the contact
(support) pressure which were installed before libekfill was placed on the outer
flange of steel ribs, iii)tape extensometers /aiisit to measure the tunnel closure, and
iv)single point and multiple point borehole extemsters (SPBX/MPBX) installed at
some of the tunnel sections to monitor deep se@e@l displacements in rock mass
around the tunnel periphery at different depths.

4. |IMPORTANCE OF UNRECORDED DATA

It is often not possible to commence the measuremitunnel closure and support
pressures with time immediately after excavatiors@ase time is always involved in
mucking-out operation, installation of supports ansgtrumentation. The unrecorded
tunnel closure data lost during this period canvér significant as it influences the
observed support reaction curve and therefore goéilerium conditions of the tunnel.
This unrecorded data could be obtained by: i)pigtthe recorded radial tunnel closure
with time on log-log scale, ii)extending the init&raight line portion of the curve to
the ordinate axis to get the logarithmic value xtirapolated closure corresponding to
date of excavation, and iii)conversion of the gxtdated logarithmic value of closure to
natural scale so as to obtain the actual valueirwidl closure, extrapolated to the date
of excavation which is then added uniformly to ttedues of radial closure in order to
account for the missing data. This is shown in Higlt is often seen that dates of
excavation, support installation and first obsdorabf closure are totally different. The
correct coordinates of the point of intersectionn®ig. 1, are XDOE which is the final
closure extrapolated to the date of excavationXD@SI which is the support pressure
after extrapolation to date of support installatidhis is because whereas the ground
response curve (GRC) starts at point, A immediatdlgr excavation, the support
reaction curve (SRC) comes into picture only affter supports are installed (Point B).
It would therefore be incorrect to extrapolate b&dpport pressure and tunnel closure to
the date of excavation (Point D) to obtain the o= support reaction curve. Similarly
their extrapolation to the date of support instadla would also be incorrect. Also, it
would be incorrect to plot SRC on basis of only tleeorded data without due
consideration to unrecorded observations.

5. PREDICTION OF GROUND CONDITION

Before performing rock mass — tunnel support irtéoa analysis, it is important to
know the ground condition a priory, since grounchdeor and the approach for
prediction of ground response curve differs acewydo the ground condition. Here, an
approach has been proposed to predict three graoemditions; namely, i) self
supporting condition, ii) non-squeezing ground dbad and iii) squeezing ground
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condition. The ground response curves for all thidsee conditions are qualitatively
depicted in Fig. 2.

DOE - Date of excavation

DOSI - Date of support installation

¥DOE - Final data value after extrapolation
to date of excavation

ADOSI—Final data value after extrapolation
to date of support installation

UX —Final data value ot unextrapolated data
GRC — Ground response curve

GRC SRC — Support reaction curve

XDOEQ= - mm e e e N
____________________ Correct point
XDOSI §- of intersection
X [ smssimmr

& eT - CPT UX XDOSI XDOE
Qrrespoi I or i
D, Ry

Radial tunnel closure — e

Fig. 1 - Influence of unrecorded data on suppa@ttien curve and
point of intersection.

B A GRC - Ground reaction curve
9 SRC — Support reaction curve
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T EL - Elastic ground condition
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Fig. 2 - Ground response and support reaction suirethree tunnelling conditions
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Data obtained during various field studies condilide several Indian tunnel project
sites, both in non-squeezing and squeezing groondittons and also the data from
some case histories reported by Barton et al. (1%&te analyzed. This analysis is
presented in Fig. 3 in the form of a log-log pléBarton’s rock mass quality, Q versus
[H (B - By)*Y], where H is the height of overburden (m), B, tivenel width or span (m)
and B, the self supporting span (m) given by Bartonlef1®74) as —

Bs 2 (ESR) . &* (1a)

where ESR is the excavation support ratio, whichpfmwver tunnels, minor tunnels, rail
and road tunnels is usually 1.6. The Eq. 1a, caretbre be written as —

Bs = 3.2.9* (1b)

1000

@ Squeezing

X Non-Sgqueezing

G -Maneri Uttarkashi Tunnel, UR
b-5alal Project J & K

X5 C-Tehri Tunnels ,U.P

= I 100 d-Maneri Stage-11 Tunnel, U.P
“:5‘ e-Bagur-Navile Tunnel, Karnataka
= X3 {_Chhibro- Khodri Tunnel, U.P
x g-Giri Tunnel ,H.P

h-Loktlak Tunnel, Manipur

i=Mansar Mine, Maharashtra

1 —159-Case-histories of Barton et al. (1974)

0001 0-M 01 1 10 100 000
Rock mass guality, @

Fig. 3 - Correction for prediction of ground cormait

In Fig. 3, points pertaining to squeezing cases Imayclearly separated from those
belonging to the non-squeezing (elastic) casesbydined line, defined by -

H (B -B)™'= 483 Q" 0y
Therefore, for squeezing to occur, left hand sidEg 2 should be greater than the right
hand side. Occurrence of a particular tunnellingdition may, therefore, be predicted
by the following empirical correlations:

(B-By) <O (for self-supporting condition) (3a)

H (B - By)*'< 483 3" (for non-squeezing condition) (3b)



110 J. OF ROCK MECHANICS AND TUNNELLING TECH. VOL. 14 No. 2, 2008

H(B-B)*>4833"° (for squeezing condition) (3¢)
HI <Y (3d)

In brittle, massive rocks, rock burst may occuiteas of squeezing as predicted from
Eq. 3c where 41, > 0.5. It may be mentioned here that theoretic@lcording to the
proposed strength criterion, Eq. 13c), squeezimglition around a tunnel opening may
be encountered ff,

Op > opmass‘l' A-po 12 (46[)

whereaog is the tangential stress anghgsis the uni-axial compressive strength of the
rock mass andogs the in-situ stress along tunnel axis. Equafta) may be written as
follows for a circular tunnel under hydrostaticests field:

2P > Qmasst A.po/2 (4b)
where P is the magnitude of in-situ stress andarisck mass constant.

Use of the theoretical criterion for predictionsafueezing ground condition, given by
Eq. (4b), poses practical difficulties as the measent of in-situ stress and in-situ
compressive strength of rock mass is both experaidetime consuming especially in
developing countries. This problem can be overctiyeausing the empirical criteria

(Egs. 3a, b, c) for prediction of squeezing.

Results of the above analysis are presented ifotheof a design chart (Fig. 4) plotted
on log-log scale. It is clear from this chart tbhate the values of depth of overburden,
H and rock mass quality, Q are known, the desigaearpick up the critical value of B
below which squeezing is not likely to occur. Foirgy so, the first step is to pick up
the critical value of (B-B for given values of H and Q from the upper pédithe design
chart, which is based on Eq. 2. The value gfdB this Q value is then selected from the
lower part of the chart, which represents Eq. Hul this value of Bis added to the
critical value of (B-B) to arrive at the critical value of B. It may beted that:

(@) For performing rock mass — tunnel support attdon analysis, it is necessary to
know the ground condition as the approach for jgtemh of ground response curve
is different for non-squeezing and squeezing grocamskes. The ground condition
may be predicted approximately using Egs. 3a, ba@anthus, classifying a rock
mass as a squeezing rock is not correct. Any roaksmmay turn into squeezing
rock condition at higher overburden.

(b) In case a tunnel is likely to experience sqirgeground condition, the tunnel
alignment may possibly be changed to obtain a bettek mass quality, Q or
reduced overburden or both so as to avoid squeezidghereby eliminate/reduce
the support problems. Similarly non-squeezing gdoaandition may possibly be
changed to the self-supporting condition by obtegra better rock mass quality, Q
as a result of the changed tunnel alignment.
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(c) Alternatively, two or three smaller tunnels mag/ chosen instead of a larger tunnel
in order to avoid squeezing ground conditions thereeducing the support
problems and the construction time. This was dar@hihibro-Khodri tunnel in the
state of Uttarakhand (India) when it became extitgndéficult to drive a 9m
diameter tunnel through squeezing ground condition.

Rock mass quality, G
Q00 0 1 10 100 N0
10 i ] 30
15 'f_ | |
20
15 1 |
12 4
10 i L 10
8
P
4 = 4
£ £ 3
8 [ [} %
E ~ &S
~1:0 / / L1 g
0.8 —_
| i |
@ 04 — L 04 |
— 043 A —
0:2+
|
[ g1 . 641
0-202 0207
f | | | :
1 = = 1 E
‘ A
€ 8 | : M
- ‘:Iln')QLI;‘-/ | 3
o 4 [ | ~ :‘
5 B = Total tunnel span Fs
Bg= Self-supporting tunnel span _:‘EJ
[ 25
301 _—zcl
5072 5h 72

Fig. 4 - Design chart for selecting tunnel sizedimen tunnel depth and rock mass
quality to achieve favorable ground condition

6. PREDICTION OF GROUND RESPONSE CURVE
6.1 Sdf Supporting/Non-Squeezing Ground Condition

For a circular tunnel driven through homogeneassiropic and linearly elastic rock

mass experiencing hydrostatic stress conditionurgtoresponse curve for elastic
ground condition (representing both self-supporéing non-squeezing conditions) may
be obtained from theory of elasticity using thédaing equation —

uja = (1) (po — P) /Eq %)

where, Y = the radial tunnel closure, a = the radius wintl openingy = the
Poisson’s ratio of rock mass, 4 E the modulus of deformation of rock mass=pthe
in-situ hydrostatic stress ang=pthe required short-term support pressure. The groun
response curve may be obtained by plottifg, wersus ya. It may be seen from Eq. 5
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that the ground response curve is predicted to dieaaht line relationship for the non-
squeezing (elastic) ground condition.

6.1.1 Empirical correlation for modulus of defornwat of rock mass

The modulus of deformation in Eq. 5 is normallyabed from expensive and time
consuming uni-axial jacking tests which often gaséarge scatter in results. Therefore,
the following simple empirical correlation has beshtained to determine the modulus
of deformation of nearly dry rock massesg,. E

Ee = f.10RMR-20)/38 GPa (5a)

where, RMR represents Bieniawski’'s rock mass gatamd f, the correction factor for
the effect of depth. The above correlation is based back analysis of values of
modulus of deformation obtained from the data qfpgut pressures and tunnel closure
which were observed at several tunnel sectionsan-sgueezing ground condition
(RMR values ranging from 31 to 68). The back arialygs performed by using Eq. 5
for which the observed values of and p and assumed value ofequal to 0.25 were
used for different tunnel sections. Assuming a bgtitic stress field,;pwas considered
equal toyH and its values for different tunnel sections waceordingly obtained. The
back-analyzed values of modulus of deformation Haeen plotted versus RMR in Fig.
5 which shows the best-fit curve represented by3acand has a correlation coefficient
of 91% . Mehrotra (1992) also obtained nearly e correlation with f =1 from uni-
axial jacking tests on dry rock masses. Thus, oag ose Eq. 5a with confidence in
poor rock conditions also. Empirical correlatiorsvé also been proposed earlier by
Bieniawski (1978) and Serafim and Pereira (1983\vben modulus of deformationg E
of the rock mass and RMR (Egs. 5b and 5c). It terésting to note the similarity
between the proposeq Eersus RMR curves (Fig. 5) and Eq. 5c (Serafim Rerkira,
1983).

25
a@
a —Tehri tunnels
g 20F b - Lower periyer tunnel
v ¢ —Maneri - Uttarkashi tunnel /
,3 d —Maneri stage - [1 Tunnel c®
g 15 ~Bagur — Navile tunnel
o
E
| -
o 10
kS
O
b
i -
I o4 E£q - 1o RMR-20)/38
_g .0 =10
o a (Corr. Coeft. = 91%.)
= 3 ] 1 L
30 40 50 60 70

RMR

Fig. 5 - Correlation between RMR and modulus obd®ftion of rock mass
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Eq
Eqd

(2 RMR - 100) GPa for RMR > 50 (5b)

6.1.2 Effect of depth on modulus of deformatiorook mass

The back analysis of the values of modulus of de&dion also highlight its dependence
on the height of overburden, H for which correctfaator, f, was introduced in Eq. 5a.
The correction factor,

has been plotted against the height of overbunden,Fig. 6 from which the following
correlation could be obtained:

f = 0.3H (5e)
where a = 0.16 to 0.3 and H > 50 m. Eqg. 5a may, therefoeeyritten as:
Ea = 0.3 H ;oRMR-20)7 38 GPa (5f)

where, H is in meters. According to Singh’s (198@alysis of the same case histories, a
better correlation for poor rocks is,

— 0.2 .36
Eq = H*2. @ GPa forQ<10 (59)
2:0
03
{RMR—?D};38 Upper bound,t=03H
T:Ed/][}l
2
2 1.51
pal
s
S
S
= 1.0
< 016
o @ Lower bound,t=03H
5 9 o -
C )
(=]
) 6]
0.5 1] I L L
0 100 200 300 400 501

Height of Overburden,H (m)

Fig. 6 - Correction factor for effect of depth owanlus of deformation
of rock mass

Thus, poor rock masses exhibit pressure dependedtlos of deformation. The case
histories which have been considered to arrivecat3E pertain to poor to good rock
mass quality (RMR = 31 to 68). It is quite likelyat for rock masses with RMR value
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greater than 68 i.e. good to very good rock mdmsyalue ofa is lower than 0.16 and
for rock masses with a lesser RMR, i.e. less tHa(i.8., very poor to poor rock mass),
the value ofu is greater than 0.3. This argument originates fgpawing evidence from
laboratory experiments (Kulhawy, 1975; Santarefid eBrown, 1987; Brown et al.,
1989; Duncan Fama and Brown, 1989) which suggdss + a) the modulus of
elasticity increases with confining pressure ansl daelationship similar to Eqgs. 5f and
5b. This pressure dependency of modulus of elasticflected in the value d, is
more pronounced in weaker rock materials and iosirabsent in strong and brittle
rock materials. Rock mass rating is some times lialte in poor rock masses.
However, rock mass quality is more reliable in pamrk masses and hence Eq. 5g may
be used for estimatingyE

6.2 Squeezing Ground Condition

Several authors have presented elasto-plastic sieaby tunnels (using either elastic-
perfectly plastic, elastic-brittle plastic or elasitrain softening stress-strain models) to
obtain solutions for stresses and displacementthdmresent study, a semi-empirical
approach based on Daemen’s (1975) analysis hasioeposed.

6.2.1 Equations for support pressure

Daemen (1975) proposed the following equation foorsterm support pressure in
circular tunnels having radius, r = a under squeeground condition, namely,

pi = [m+G.cot@]. My-c. cot@ + y. (b-a). M (6a)
Po = 0.5 Ore + Oge) - (1 - simg) — G.COSRy (6b)

in which o, andoge are the radial and tangential stresses on théekide of elasto-

plastic interface (r = b),p,cand @, , the peak and,cand @, the residual strength
parameters in elastic and broken plastic zongeotisely, p , the radial pressure at r =
b andy, the unit weight of rock mass. Equation 6b igndres effect of intermediate
principal stress along the tunnel axis.

Mo =  (a/bf (6c)
where

a = 2. [Sin@/(1-sin@)] (6d)
and

M, = [a/(b-a)] . [(1-simp)/(1-3.sin@)][(a/b)**-1] (6e)

Daemen (1975) substitutedZpr the term @ + oge) for the case of hydrostatic in-situ
stress field, wheregpis the in-situ hydrostatic stress. The positivel aegative signs
pertain to support pressures in the roof and fimotions respectively.

6.2.2 Equations for tunnel closure

Daemen (1975) assumed the rock mass to dilateilatefaand allowed for following
three variations in the volumetric expansion:
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() Constant volume expansion throughout the bnakene,

(i)  Volume change due to elastic relaxation of bieken zone with the axial stress
calculated from an elastic plane strain assumpaiah

(i) Volume change due to elastic relaxation of throken zone with the axial stress
calculated from a plastic plane strain assumption.

Daemen (1975) suggested Labasse’s solution (1949hé first condition and derived
expressions for the other two conditions. The fevgbressions for radial tunnel closure
(or tunnel wall displacement),Uor the above three conditions are respectivelgrg
by Egs. 7a, 7b and 7c.

For condition (i) above,

Us = a — [& (1+e) — Be-2b.y+ u2.]*? (7a)

For condition (ii) above and for sig = 1/3,

U = (bla). y+ % [0 (- ) — p {(b> &) / a)

-3¢cos@b?{(b/a) -1} +y{(b*- &) /3-Blog (b/a)}] (7b)

Similarly, expressions have been given by Daem@&i)Lfor the conditions when sin
@ =0,sing # 0 and sip = 1/3.

For condition (iii) above and for sip = 1/3,

p,(1-2v)(b* -a®) _ 3c,.cosp, (b-a)

Ua = (b/a)y +

akE, a’E,
v(b? +ab+a?) 1-2v+
[(1-2v) b + |- [pi {(b>a)a}
T y{(b3a’/3 — B log (b/a)}] (7¢)

Similarly, expressions have been given by Daem@&i)Lfor the conditions when sin
@ =0sing # 0, sing = 1/3. In the above equations,

e = coefficient of volumetric expansion for faileock mass which is defined as the
ratio of increase in volume of failed rock mas#sariginal volume,

u, = radial displacement of elastic-plastic boundary b),

= {(1+V)/Eg} po [Po - sing, + Gy.cosqy] (7d)
Es = modulus of deformation of rock mass,
pp = radial stress at the elastic-plastic boundarylfy and

\Y Poisson’s ratio of rock mass.
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Average values of ‘e’ are given in Table 3 on tlesib of back analysis of tunnel
closure in squeezing ground conditions.

Table 3 - Observed values of coefficient of voluneetxpansion (e) of Rock Mass
after failure (Jethwa, 1981)

Type of Rock Mass CoefficiefiMmlumetric
Expansion, e
Phyllites 0.03
Clay stones/silt stones 0.01
Black clays 0.01
Crushed sandstone 0.004
Crushed shaled 0.005
Crushed metabasics 0.006

6.2.3 Determination of input parameters for Daemerquations

The ground reaction curve may be obtained from DRaesn(1975) approach by
calculating the values of support pressureapd radial tunnel closure,, dor different
values of b/a ratio, using the equations given ab@®qs. 7a, b, c, d) These equations,
however, contain several input parameters, somghidh are difficult to estimate. In
particular, the modulus of deformation, the pea#t egsidual values of both cohesion
and angle of internal friction of rock mass areuiegf to be determined from expensive
and time-consuming field tests. While a correlaties already been proposed for
determination of modulus of deformation of the rankss (Eq. 5c), a semi-empirical
relationship will now the proposed for predictidittee rock mass cohesion.

(a)  Proposed semi-empirical correlation for pealiesion of rock mass

Daemen (1975) used following constitutive equation unbroken rock mass at the
periphery of the broken zone:

Oge (1 — sin@,) = Ore (1 + SinN@y) + 26, COS@, (8)
Therefore, 0 = 2Ps ~ Gormass (8a)
1+K
where, @mass = uniaxial compressive strength of rock mass astét zone
= [2ecos@,/ (1 — singy)] (8b)

1+sin

and K = milel} ] (8c)
1-sing,

For squeezing to begin (or the rock mass to fail), should be greater than zero.
Therefore, at the instant when squeezing staidss 0 or from Eq. 8,
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P = 0.5 @nass (9a)

From the empirical correlations (Egs. 3b and 3c¢)dediction of squeezing ground
condition, it may be inferred that at the instahiew squeezing begins,

1/3
H = (;8—35)0-1 (9b)

Multiplying both sides of Eq. 9b withand substitutingH with p for hydrostatic stress
field,

1/3 C,.Cco
Y _ P.483 -V-Qol = Qcmass = o (9¢)
(B-B,)° 2 (1-sing,)

The mobilised cohesion,g will therefore be

C = 483 'y'Ql/3 * (1_ Sin¢p) (t/rnz) (10)
pm (B- BS)O'l CosQ,

where,y is the unit weight of rock mass in tinObviously, b = radius of the broken
zone andg, may be obtained from block shear test or from RMRsaggested by
Bieniawski’s (1979) classification.

It may be recalled that the uniaxial compressivergjth of rock core decreases with
d**8where d is the diameter of core (Hoek and Brov@80). In field, d may be taken
as average spacing of joints. Similar size effeetiso observed in Eq. 10.

(b) Mobilised strength of rock mass around undswrgd openings

Figure 7 shows a comparison between mobilised ¢omes,, and the cohesion,c
determined from Bieniawski's RMR, and from Meheo(1992), for a tunnel of 9m
diameter. The gvalues given by Bieniawski (1979) are based orfitie test data from
rock slopes compiled by Hoek and Bray (1977). M&lrg¢1992) obtained the shear
strength parameters from block shear tests condumtedry rock mass blocks in the
lower Himalayan region. The/ ¢, ratio is plotted against RMR in Fig. 8.

It is clear from Fig. 8that there is definitely a need to account for eergjth

enhancement factor (3,&/ Cy), which increases with increasing RMR. This sttang
mobilisation around the underground openings, knoas an apparent strength
enhancement, has been recorded by several inviesigéiobbs, 1966; Hoskins,1969;
Daemen and Fairhurst ,1971; Santarelli and Brow8vV 1&uenot, 1989 and Fuenkajorn
and Daemen, 1992) during laboratory tests on thiaked hollow cylinders. Daemen
and Fairhurst (1971), for instance, found no intilicaof fracturing around the borehole
when the external hydrostatic pressure appliedhtokiwalled hollow cylinders of

Indiana limestone and concrete reached levels ahmMmear elastic analysis gave
tangential stress at the borehole wall of at |dast times the measured uni-axial
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compressive strength of the material. Final collapscurred at even higher pressure.
Guenot (1987) presented a survey of results of Rlmbratory tests on hollow cylinders
conducted by ten researchers on seven rock tyges.rdtio between the maximum
(elastically) calculated compressive stress at lwiihe failure occurs and the uni-axial
compressive strength is typically about two. Moeeently, Fuenkajorn and Daemen
(1992) obtained following empirical equation froraXial borehole stability tests on

cylindrical tuff samples:

Ogr = 312.2 exp (2-05H2/0H1) MPa

120
- Cp (Bieniawski,1979)
100 -& ¢p( Bieniawski 1979)
-0~ Cp( Mehrotra,1992) N
=~ $p( Mehrotra,1992 )
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whereoy,/oy; is the ratio ominimum and maximum applied boundary stressesognd
the tangential compressive stress at borehole watiediately before the fracture
occurs. Fuenkajorn and Daemen (1992) however, adkdged that Eq. 11 might
overestimate the rock mass strength around largehbte due to the size effect and that
the incorporation of this effect was not possibiee do the lack of test data on large
boreholes. Equation 11 further suggests that sinesrthancement will be less in case of
a general biaxial in-situ stress condition.

The reason for apparent strength enhancement tisthbashear strength behavior of
jointed rock mass is highly anisotropic (Hoek anawn, 1980). RMR classification
gives lower limit of the strength parameter as mietd from failure of rock slopes.
However, all round squeezing would not take plankess the tangential stress (2P)
exceeds the maximum limit of the uni-axial compresstrength of rock mass. Hence,
the mobilized cohesion {g may represent the upper limit of cohesion of atnépic
rock mass. Moreover, uni-axial compressive strergtitistically varies from one
element of the same rock mass to another elemgmndeng upon the distribution of
fractures. All round squeezing will not take placetil tangential stress exceeds the
upper statistical limit of the uni-axial compressstrength of rock mass. It may also be
noted that the rock mass quality, Q is obtainednfrine visual inspection of the
excavated face of tunnel which is likely to be mwahan the rock mass quality in the
elastic zone. Further, joints in tunnels are of l@ndength and tightly closed unlike
those on slopes.

Hudson (1993) suggested that the apparent stresrgtancement indicated in Fig. 8
could be due to the difference in the conditiorsleéaring in rock slopes (where full
dilatancy is operative) and that for undergroundropgs (no dilatancy).

Another reason for apparent strength enhancememindr underground openings
appears to be the fact that failure stresses dealated assuming the classical (constant
modulus) linear elasticity, whereas the deformatimdulus has been found to increase
with increasing confining pressure (Eq. 5c¢). Thsra growing evidence to suggest that
linear elasticity approach can give misleading [mtemh of the onset and extent of
fracture, particularly in softer rocks (Guenot, I9&aiser et al. 1985; Maury 1987;
Santarelli, 1987). Santarelli and Brown (1987) dedli closed-from solution for stresses
and strains around an axi-symmetric well bore agsyiia confining pressure dependent
modulus of elasticity and concluded that tangerstigdsses at or near the well bore wall
could be much lower than those predicted from thedrelasticity and that maximum
tangential stress which occurred some distance fh@mvell bore wall are given by:

(i) Normalised tangential stress at elastic-ptaistierface,

Oe/Po = Ku(Ore/ Po) — Kz (Gre/ Po) O (12a)
(i) Normalised radial stress at elastic-plastiterface,

Ore/Po = [(A/po)""*)-1} {bla} @ G+2] 11 (12b)

where, Kk = p(1-0)-1]/[(1-v)(1-0)] (12¢)
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Kz = [(&-1)(1-a)-1]/ [(1-v)(1-0)] (12d)
and « = constant of rock mass in Eq. 5e and 5f.

Figure 9 shows the variation of tangential stresh vadial stress for different values of
a from which it is clear that stress concentratiactér is much below the value of 2.0,
which is obtained when modulus of elasticity £ 0) is considered to be constant and
that the maximum tangential stress occurs somardistaway from the periphery.

2:0

en
—_
un

(=)

Normalized tangential stress,

| ]
0 05 10
Normalized radial stress,Orn

0

Fig. 9 - Variation of normalised tangential stresth the normalised radial stress for
different values ofA (Santarelli and Brown, 1987)

6.2.4 New theory of peak strength of rock mass

Singh et al. (1998) have proposed a new criterawrpéak strength of anistropic jointed
rock masses, according to which,

. P-0),

Op-0r = Qmass 5

(13a)

Ocmass = G [ Eqa/ Er]O'7 (13b)

where, @massrepresents the average uni-axial compressivegitrexf rock mass;gthe
average uni-axial compressive strength of rock rmedtdey the modulus of deformation
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of rock mass; E the modulus of elasticity of rock material and the in-situ effective
stress along the tunnel axis. Thus, the conditiorsfueezing is:

O > Gemass + (A./2) (13c)

Squeezing may therefore occur where A is smalledddsqueezing has taken place
where Jr/Ja < 1/2 which is a vital condition. Th®we strength criterion also explains
enormous strength enhancement. Daemen’s equatmn6jEmay be rederived easily
using new strength criterion and only differs ie #xpression of fas follows:

O, +t0q —( -0.5Ap
- re e cmass [¢] 13d
& 2+0.5A (13d)

6.2.5 Suggestions for plotting ground responseeurv

The ground response curve for squeezing groundittmmdan now be plotted using
Eq. 7 along with Egs. 7a, 7b and 7c for tunnelwlesind Egs. 6a, 6b and 6¢ for support
pressure. In equations 6a,b,c, the valueopf € oge) should be picked up from Fig. 9
according to the actual value afand the radial pressure at the inner boundarphef t
elastic zone. Further, peak cohesion paramefem &qgs. 6a, 6b and 6¢ should be
substituted by & (recommended) from Fig. 8 so as to account for gtrength
enhancement factor in the elastic zone.

The peak angle of internal frictioq, may be taken from RMR classification system
(Bieniawski, 1979). The residual cohesionmay be taken as about 0.1 MPa. However,
the residual angle of internal frictiog, may be taken as equal tg, ¢ 10) > 14°in the
broken zone for (b/a) < 5.

6.2.6 Rapid sympathetic failure in large brokenesn

Figure 10 shows the empirical ground response clmveveen observed support
pressure (normalised with respect to short ternparipressure of Barton et al. 1974)
and observed tunnel closure (normalised with th@eldiameter). It may be noted that
there is an onset of a rapid sympathetic failureazk mass within the broken zone
when tunnel closure exceeds 6 % of the tunnel dem&his observed phenomenon
may be simulated by considering=c0 after deviatoric strain exceeds a criticalilif@0

% for weak rocks). The result would be a groungoese curve as shown in Fig. 11
which is similar to the empirical curve in shapeisl therefore suggested that tunnel
closure should be controlled to within 4 % of tbaertel width as otherwise the support
pressure may jump drastically.

7. CONCLUSIONS

The work presented in this paper draws its strefrgtin field studies carried out at 63
different sections of tunnels at various projetéssiin the Lower Himalaya and the
peninsular India. These field studies involved nmstentation and monitoring of data
related to tunnel closure, deep seated deformaition®ck mass, contact pressures
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between rock mass and steel sets and the loatkeirribs, apart from other data related
to geometry and rock mass classification. This thats been analyzed with the aim of
proposing a practical approach for prediction obugrd response curve for self
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supporting, non-squeezing and squeezing grounditommsl
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Fig. 10 - Empirical ground response curves
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It may be concluded that —

() Condition for squeezing depends upon in-situ straagnitude along the tunnel
axis as well as the depth of overburden (Egs. B a-d

(i) Modulus of deformation of poor rock masses has bieemd to be pressure
dependent (Egs. 5a-f).

(iif) Support pressure in the squeezing ground is reddcastically by in-situ stress
along the tunnel axis because all rock wedges erxestpessed by, along the
tunnel axis.

(iv) Strength enhancement in jointed rock mass has fmam to be significant (Eq.
10).

(v) Peak strength criterion for the anisotropic rocksses (Singh et al., 1998) is given
by Eqgs. 13 a and 13b which includes the effectaf

(vi) Rapid sympathetic failure of rock mass within tmeken zone occurs when tunnel
closure exceeds 6 % of the tunnel diameter. Soefurlosure should be controlled
within 4 % of tunnel size.
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