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ABSTRACT

The rock mass — tunnel support interaction analgsissists mainly of two stages.
Prediction of ground response characteristics fdimadirst component which has been
discussed in Part-I of this paper. This paper, Wwiieems Part - I, deals primarily with
an approach for realistic determination of suppesdction curves and the support
pressures. The approach has been proposed ondbakis field studies discussed in
Part-l of the paper. Using this data, correlatitiawe also been presented here for
estimation of the stiffness of backfill materialtlween support system and the rock
mass, post construction saturation pressures andtdnd-up time for flat and arch
tunnel roofs.

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

1. INTRODUCTION

The analysis of tunnel support behavior has rederedatively less attention. Various
authors (e.g. Lombardi, 1970; Daemen, 1975; HoekBrown, 1980) presented similar
expressions for stiffnesses for different typessopport systems considering linear
elastic behavior. Stille et al. (1989) and Indnagaand Kaiser (1990) presented elasto-
plastic analysis of rock mass supported with grduteck bolts and Mitri and Hassan
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(1990) have discussed the behavior of steel supporcoal mines using non-linear
finite element analysis. A large number of reseamcinkers have reported the use of
field instrumentation in tunnels driven in varyirground conditions. Significant

conclusions have been drawn on the basis of thekk studies regarding the ground
and the support behavior, support requirementshodeof support design, method and
sequence of excavation and the benefits of NATM.

2. STATEMENT OF PROBLEM

A critical study of the literature highlights thact that determination of the support
reaction curve has not yet received adequate miternthe support behavior has been,
by and large, assumed to be linear elastic whiamoisrealistic due to the non-linear
behavior of the support backfill. The variationbafckfill stiffness with support pressure
has also not been investigated. The influence @maters like, the distance to the face
of advance, tunnel size and post construction attur of rock mass due to charging of
the water conductor system, on support pressuradtaiseen studied from the point of
view of the rock mass-tunnel support interactiomaly, rigorous analytical solutions
proposed by various research workers are not vasy dor the field engineers to
implement at the site for quick estimation and s&n, if required, of the support
requirements during construction. In view of thigrman (1993) developed simple, yet
reliable, approach for determination of the suppeaction curve directly from the data
of instrumented tunnels.

3. DETERMINATION OF SUPPORT REACTION CURVE

Once the ground response curve has been obtahmedgekt step in rock mass — tunnel
support interaction analysis is to determine thgpstt reaction curve which establishes
the relationship between tunnel deformation andstigport pressure available from the
support system. Based on the analysis of datactetlefrom several tunnels in India
(Tables 1 and 2, Viladkar et al., (2008)), the hatraof steel rib-backfill support
system has been studied and an approach has bemysed here for determination of
the support reaction curve.

The supports are usually installed after a cedanount of tunnel closure has occurred.
This initial tunnel closure is denoted by,un Fig. 1a which shows an ideal support
reaction curve characterized by a stiffness constafrrom Fig. 1a, the radial tunnel

deformation, yis given by:

Us = Wo + p.alk (1)

where p is the short term support pressure; a is the fuiaggus and k is the stiffness

of support system. Equation 1 remains valid tid thaximum support system capacity
is reached. Therefore, for obtaining the suppattien curve, the support stiffness as
well as the maximum support capacity are requiodaet determined.
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Fig. 1a - Linear support reaction curve with constupport stiffness
3.1 Stiffness of Steel Rib-Backfill Support System

At a tunnel section supported by steel ribs, b#idkfplaced between steel ribs and rock
mass and is meant to provide an effective contatwden them. Backfill itself is not
designed to carry any load and its role is regidi¢b act as a packing (cushion) between
the rock mass and steel ribs and facilitates tlael wansfer. Stiffness of the backfill
plays an important role in determining the stiffned the overall support system. A
support system, comprising of steel ribs and béckin be assumed to be acting as
two stiff springs connected in series. Therefoxerall stiffness of the support system is
given by-

1k = Uk+1k (2)

where k represents the overall stiffness of stibel-rbackfill support systemks the
stiffness of steel ribs and is the stiffness of backfill.

3.2 Stiffness of Steel Rib

Stiffness of steel ribs may be obtained from tH®Wng expression from the stiffness
of a steel ring under an evenly distributed (exdrpressure (Hoek and Brown, 1980):

K - E<s.A/s.a (3)

where E = the modulus of elasticity of steel;A the cross-sectional area of steel rib; s
= the rib spacing and a = the tunnel radius.

3.3 Stiffness of Backfill
Field instrumentation data comprising of supporsgures and tunnel deformations,

obtained on basis of monitoring of several Indiamiels (Tables 1 and 2, Viladkar et
al., 2008 Part-l in this issue of Journal ) weralgred and the support reaction curves
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were plotted for each instrumented tunnel sectalowing the procedure outlined in
Part-1 of the paper in this issue of the Journadla@kar et al., 2008). This procedure
gives the value of radial tunnel closure, before installation of supports and the

instrumentation. Figure 1b shows a typical obsesugaport reaction curve plotted for a
tunnel section at a chainage of 738.5 m in Mangt@Wdashi tunnel.
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Fig. 1b - Observed support reaction curve for G8.% m (D/S Maneri) in
Maneri — Uttarkashi tunnel

The observed support reaction curve could thendok-Bnalyzed. Knowing.4 and
corresponding observed values of tunnel closyand support pressure, the overall
observed support stiffness, k was obtained fromlE¢(nowing this value of k and the
support stiffness, of steel rib (Eqg. 3), actual stiffness of backfidl could be obtained
from Eqg. 2. From the values of the backfill stifisethus obtained for different tunnel
sections, the following empirical correlation wddained:

ky = 1.16 .%.Ep/at® , kglcn® (4)

where § refers to the thickness of backfill in my B the modulus of deformation of
backfill in kg/cnf and a is the radius of tunnel opening in m.

One may take, for instance, point A in Fig. 1bvidrich y, = 0.102 cm and;p= 0.345
kg/cn?. The value of  is 0.035 cm and the tunnel radius, a, at thisieeds 2.90 m.
Substituting these values in Eq. 1,

0.102 =  0.035 + [(0.345) (290)/K]

from which, k = 1493 kg/cfn At this section, steel ribs having £ 2.1 x 16 kg/cnf,

As = 38.98 crhiand s = 80 c¢cm, have been used. Equation 3, therejives value of
steel rib stiffness, k

ks =  [(2.1x10) (38.98))/(80x290) = 3528 kg/ém

Substituting the values of k ang khus obtained, in Eq. 2.
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(1/1493) = (1/3528) + (Wk

from which, k = 2589 kg/crhwhich is the actual stiffness of backfill at po# on
observed support reaction curve (Fig. 1b). Simylate value of kcan be obtained all
along the observed support reaction curve for iffe observed values of. prhis
exercise was carried out for all instrumented tliseetions to evaluate the variation of
modulus of deformation of the backfill (which islated to backfill stiffness) with
support pressure.

3.4 Variation of Modulus of Deformation of Backfill with Support Pressure

The support reaction curves for all the instrumertsnel sections were observed to be
non-linear, unlike the conventional theoreticaluasption of a linear support reaction
curve. The reason for this could be attributed he thange in the modulus of
deformation of backfill, § and, consequently in the backfill stiffness, With
increasing support pressure, Whereas concrete was used as backfill at moseof
instrumented sections, a few sections had graveluonel-muck as backfill. This
provided an opportunity to study the behavior difedent types of backfills under
pressure. Figures 2 a, b, ¢ show the relationdtdgpseen the modulus of deformation
of different backfills and the support pressurejrfrwhich following correlations have
been obtained:

i) for concrete backfill,
Ep = 137 @ t0 926 §* MPa (5a)
i) for gravel backfill,
Ep = 10 (p +65.16) to 10 (jp+ 14.65) MPa (5b)
iii) for tunnel-muck backfill,
Ep = 54 @ to 97 ** MPa (5¢)
In Egs. 5a, 5b and 5¢; s in kg/cnf. For developing these correlations, modulus of
deformation of the backfill, Ewas back-calculated from the observed backfitfrstss,

Kp for different values of support pressurg, ysing the following expression for the
stiffness of a thick wall cylinder:

E,[@° - @-t,)°]

kb =
(1+Vb)[(1_ 2Vb )a2 + (a_ tb)2

(6)

where v, is the Poisson’s ratio of the backfill. Equat®iis based on the assumption
of a closed ring of backfill having uniform thicksg t and much of the backfill
stiffness derives from the continuity of this ring.
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3.5 Maximum Capacity of Steel Rib — Backfill Suppor System

The maximum support capacity of steel rib—baclilpport system is governed by the
maximum support capacity of the steel ribs, whghiven by:

Pmax = Oys - As/ (s . a) (7a)

where Pmax is the maximum support capacity of steel ribs apdyield strength  of
steel.

If the yield strength of steel is more than thekbng stress of steel riligys should be
replaced by the buckling stress in Eq. 7a. The mar support capacity will then be
given by the equation (Timoshenko and Gere, 1961):

Pomax = 3.E.Is/(&.5s) (7b)

where, | is the moment of inertia of the steel rib.

3.6 Support Reaction Curve

() The modulus of deformation,,Eof the backfill can be estimated using either of
Egs. 5a, 5b and 5c.

(i) Stiffness of backfill, K can be estimated using this value girEEq. 4.

(i) The stiffness of steel ribs can be obtainexhi Eq. 3 and the overall stiffness, K of
the combined support system can be obtained fron2 Eq

(iv) Equation 1 can then be used to obtain differeriues of radial tunnel closure; u
for various values assigned to support pressyrand a plot of pversus wcan be
made. This plot may be superimposed on the groasdonse curve (Viladkar et
al., 2008).

(v) The maximum support capacity of steel rib-bdck$upport system will be
governed by either Egs. 7a or 7b.

The support reaction curve, thus obtained, wilhba-linear which is indicated by Eqs.

5 a, b, c derived on basis of actual field obséwnat Earlier authors (Lombardi, 1970,
1973; Ladanyi, 1974; Daemen, 1975; Hoek and Bro¥880) did not consider the

support pressure dependent modulus of deformafitmedbackfill and as such assumed
the support reaction curves to be linear elastic.

3.7 Behavior of Different Types of Backfills

While studying the variation of modulus of deformatof different types of backfills
with support pressure (Egs. 5a, 5b and 5c), sortegeisting observations were made
regarding the backfill behavior under pressure.séhare as follows:
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3.7.1 Concrete backfill

Most of the instrumented tunnel sections were pladiwith concrete as the backfill.
An example of typical behavior of concrete backfibserved at majority of such
sections, is shown in Fig. 3a which is a plot bemweéhe modulus of deformation of
backfill and support pressure at a chainage of 82Bthe head race tunnel-3 of Tehri
Hydro Project (Table 1, Viladkar et al., 2008).nay be inferred that early stage
concrete backfill cracks under low pressure sooer aff is placed behind the ribs and
looses its initial stiffness. This reduction in st&fness continues until a stage is reached
where cracked backfill is compacted due to increasupport pressure. Consequently,
there is an again increase in its stiffness. Sonesj initial reduction in stiffness is
rapid as illustrated in Fig. 3b which pertains tbafhage 1568.5m in Maneri-Bhali
Stage-ll tunnel (Table 2, Viladkar et al., 2008heToverall trend was, however,
observed to be similar at almost all the sectigisone of the sections (Chainage of
777m, u/s of Dhanarigad adit — Fig. 2a) in ManenaB Stage-Il tunnel, the steel ribs
buckled under high squeezing pressure resulting sudden loss of contact between
backfill and rock mass. This is indicated by a srddrop in backfill stiffness after
buckling of the ribs. An outcome of this studyhat concrete, when used as backfill, is
crushed almost immediately and looses whatevengtineit had gained during a very
short time interval between its mixing and placi@hind the ribs. Therefore, it merely
acts as a packing material which gains its sti§né®m compaction of crushed
particles. It would therefore be more appropriatecall it as ‘packing concrete’ or
‘blocking concrete’ instead of just ‘concrete’.

60

Increasing backtill

“stiffness after its
compaction

Initial drop in
backfill stiffness

Madulus of elasticity of backfill, Eb (MPa)

; X ol .
) 0 02 03 04 05

Support pressure, pi (kglcm®)

Fig. 3a - Initial drop in concrete backfill stiffeg at Ch. 829 m in HRT — 3,
Tehri project

3.7.2 Gravel backfill

The gravel backfill does not show any initial lost stiffness under pressure, as
illustrated through an example of Giri tunnel irgFRb. The stiffness increases with
support pressure on account of increasing compadifidackfill which in the process
gradually becomes more dense. This process costitiliean equilibrium support
pressure (as shown in Fig. 2b pertaining to a kiighleezing section) corresponding to
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the maximum capacity of steel ribs is reachedidlhyt the opening stabilizes and then
steel supports buckle. The buckling of steel ribdar high pressure results in a sudden
loss of contact between backfill and the rock m&sisequently, the backfill stiffness
drops sharply.
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Fig. 3b - Rapid initial drop in concrete backfilifiess at Ch. 1568.5m in
Maneri Stage — Il tunnel

3.7.3 Tunnel-muck backfill

The tunnel-muck backfill has an initial stiffnessgar to the gravel backfill. It also
shows an increasing trend with increase in suppassure (Fig. 2c; Chhibro-Khodri
tunnel, Table 2 Chainage of 2575 m, Viladkar et28108). However, the build-up of
backfill stiffness with increase in support pressis slower than that for the gravel
backfill.

3.7.4 Comparative behavior of backfills and suiliépio different ground conditions

The concrete backfill, despite an initial loss tffsess, provides a stiffer support as
compared to the gravel and the tunnel-muck baskfittmay be seen from Es. 5 a,b,c
that for at a support pressure of 1 kgleie modulus of deformation of concrete,
gravel and tunnel-muck backfills ranges from 13026, 54 to 97, and 41 to 49 MPa
respectively. Concrete backfill is, therefore, prable for non-squeezing ground
condition. The tunnel-muck backfill may be moretedi to moderately squeezing
ground condition and the gravel backfill to higligueezing ground condition, as the
latter is more flexible. These two types of bad&fare flexible initially and gradually
become stiffer with increasing support pressureusthaccommodating large
deformations which occur in squeezing ground camut and thus permitting low
support pressures.
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4. ROCK MASS — TUNNEL SUPPORT INTERACTION ANALYSIS

Based on the data obtained from instrumentation randitoring of tunnels in India,
approaches have been proposed for prediction eingroesponse curve (Viladkar et al.,
2008) and the support reaction curve, the two disd@omponents of rock mass-tunnel
support interaction analysis. The ground reactimves may be obtained for squeezing
and non-squeezing ground conditions (includingsiilésupporting condition) using an
approach suggested in Part-1 of this paper (Vilagkal., 2008). This, together with the
approach proposed here to obtain the support cgactirve, may be used to perform
rock mass-tunnel support interaction analysis. Aeraative to this approach has been
suggested on basis of empirical ground responsgecby Singh et al. (1992).
Coordinates of the intersection point of these ¢wves define the support pressure and
the radial deformation at which the rock mass-tinsepport system achieves
equilibrium. Stability of the system depends updretiher the deformation experienced
by the system is within the permissible limit ort.nSupports installed too early will
have to experience higher pressures but will uralesgaller deformations whereas
supports with identical stiffness but installed fate will undergo large deformations
and shall experience relatively much less suppassure, if delay is not beyond the
stand up time of the rock mass.

Economy of the tunnelling project is directly affed by the stiffness of the support
system. Too stiff support system will mean lesseflodnations and therefore a stable
system but will invite higher support pressures #me consequent loss of economy
whereas, a very flexible support system will expece less pressures and will be
economical but will experience large deformationslangering the stability of tunnel
(Fig. 1 in Part I; Viladkar et al., 2008). In rd&ld situations, however, some kind of
balance has to be struck betwéea early and too laténstallation of supports ano
stiff and too flexiblesupport systems. Ideally, delay in support inatedh should not be
beyond the stand up time.

5. EFFECT OF CHARGING OF WATER CONDUCTOR SYSTEM ON
SUPPORT PRESSURE

When a hydro power project is commissioned, rocksmairrounding the underground
excavations gets saturated due to the water comdsgstem. As a result, additional
pressure builds up on rigid concrete lining. Ittiserefore important to consider this
additional effective support pressure while designthe lining. Rock mass-tunnel
support interaction analysis can also help in det@ng this additional support
pressure.

Figure 4 shows schematically the ground responseesuor both dry and saturated
conditions in non-squeezing ground along with thgpp®rt reaction curve. Upon
charging of the system, modulus of deformationaakrmass reduces due to saturation
and ground response curve shifts from the path ABAC, putting an additional
pressure, BC on the concrete lining. Using Eq. &@nted in Part | of this paper
(Viladkar et al., 2008) for both dry and saturatemhditions of rock mass, following
expression has been obtained for this additioriatt¥e support pressufepisat :
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A Pisat = [l - ( Esat/ Edry) ( Po— pdry)] (8)

where Ea represents the modulus of deformation of saturatek mass, &, is
modulus of deformation of dry rock mass, angyps the short-term support pressure in
dry condition. Derivation of Eq. 8 is presentediippendix-A.

It may be noted that rock mass is assumed to lbeagsatl everywhere after charging of
the water conductor system. This assumption woelddid only if the internal water
pressure head (,p yw ) iS more than, say, three times the diameteretuhnel. This is
generally the case in hydro-electric projects. Adow to Mehrotra (1992),

(Esa/ Eay) = 0.016 RMR —0.385 (for RMR = 41 to 60) (9a)
= 0.010 RMR - 0.10 (for RMR < 41 an rock withter
sensitive minerals) (9b)

Substitution of above values of (sk/ E 4ry) in EqQ. 8 for RMR > 30 in non-squeezing
ground condition, results in the following express:

Apisa/ po = 0t0 0.8 [1 - (fuy/ o)l (10)

Equation 10 may be used to estimate the additismapbort pressure due to charging of
water conductor system in non-squeezing ground itond It may be seen that for
lower values of the ratio, gy/ po build-up of additional support pressure is higimcg

in practice, values of gy / po are very lowA pisa/ Po lies in a range of very high
values and the additional support pressure mas ltegh as about 80 percent of the in-
situ stress. The proposed simple analysis is imen justify the urgent need for
simulating the effect of post-construction saturatin the computer modelling of rock
structures.

GRC - Ground response curve
SR C — Support reaction curve
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Fig. 4 - Effect of rock mass saturation on suppogssure

6. EXPRESSION FOR SUPORT PRESSURE IN NON-SQUEEZING
GROUND CONDITION AND EFFECT OF TUNNEL SIZE

Short-term support pressure or support pressuregatlibrium, i.e., when ground
response and the support reaction curves intexsatie expressed as-
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1+v)p /E, - (u. /&
pif - [( )po d ( ao )]105 (1 la)
1+Vv)/E, + (cal/E_.A,)+ (086a'*/t, E,,)

where p is the Short-term support pressure (i.e. suppedgure at equilibrium) andyE
is the modulus of deformation of backfill at sugpmressure equal tospDerivation of
Eq. 11a is presented in Appendix-B.

It may be seen from Eq. 1la that short-term suppoetsure would be practically
independent of the tunnel size, a if values qf/f\and § are increased in direct
proportion to the tunnel size. Equation 11a mayéreralized to include the effect of
anisotropy of rock mass, additional support presgpra: from Eqg. 8) due to charging
of the water conductor system and the seepageupeedhe generalized equation is the
sum of all the three types of support pressuregvas below:

1+v)p /RFE_ . —-(u./a
o [+ V)P RFE gy = (Uas /)] rpe (11b)
[A+V)/REE,,, + G@/E_.A,)+ (086a " /t, E,;)]

where, RF is the reduction factor, which togethéh i, accounts for the anisotropy
of rock mass, &n is the smaller of the two moduli of deformation rotk mass in
horizontal and vertical directions ang [ the seepage pressure on the tunnel lining.
The value of reduction factor, RF has been deriwednalyzing the numerical model of
a lined tunnel (Kumar and Singh, 1990). The whapraach is based on the continuum
characterization of anisotropic rock mass (Sind#¥,3) in which the elastic properties
of rock mass are reduced depending upon the discitgt description and their
spacings. The variation of RF with G{fz for different values of EE; is plotted in Fig.

5, where G is the shear modulus of rock mass anénd E are the moduli of
deformation of rock mass in horizontal and verttia¢ctions respectively.

(RF)

Reduction tactor
o
-~
T

L ! L o
Q 01 0-2 03 0-4

Shear r'm:ld_;,*'r Deformation mod.

Fig. 5 - Reduction factor for anisotropic rock mésamar and Singh, 1990)

7. EXPRESSION FOR SUPPORT PRESSURE IN SQUEEZING GROND
CONDITIOIN AND EFFECT OF TUNNEL SIZE

Expression for short-term support pressure in srjogeground condition may be
obtained by equating the radial tunnel closure (E@s b, c presented in Part-I of this
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paper, Viladkar et al., 2008) obtained from grouedponse and support reaction
curves, since these two values are equal at th# pbiintersection of the two curves.
This results in the following expression for theseaf a constant volume expansion, e
throughout the broken zone (Eq. 7a),

Pit = 1_[(1+ e)_ (bf /a)ze— 2(bf /a)ub + (ub /a)2]1/2 (lza)

(al AgEg) + (086a9°/t, Eyf)

where b is the final radius of the broken zone correspogdb p = pr and may be
obtained in terms ofigfrom Eq. 6 of Part | of this paper (Viladkar et &008) with,

0.5 (O + Oge) replaced by g for hydrostatic in-situ stress field which may reevritten
as follows for p=ps and b = b:

If P

R (1 —sin@) - G.cosg ,

[P +¢Gcot @] (a/h)"-c.cotq
+v.a.[(1-sing) / (1-3 sing)] [(@ /)" * = 1] (12b)

then p

Nature of Egs. 12a and 12b is such that the vélpg bas to be obtained by an iterative
process using Eq. 12a. Derivation of Eq. 12a isqmeed in Appendix C. Radius of
final broken zone, fomay be deduced from the readings of multiple balesh
extensometer within the broke zone (Jethwa, 198bkerved radial displacements at
any time within the elastic zone are relativelyapdndent of time. Data also gives the
radius of compaction zong)( within the broken zone which is difficult to pietd
theoretically. Further research is therefore neewedonsider highly time-dependent
rock mass - tunnel support interaction in the sgungeground condition. Eq. 12a may
be used for evaluation of the effect of tunnel sineshort-term support pressure. It may
be seen from this equation that short-term sugmedsure is practically independent of
the tunnel size if &s and § are increased in direct proportion to the tunied.s

Like the case of elastic non-squeezing ground ¢mmd{Eq. 11b), Eq. 12a may also be
generalized to include the effect of anisotropyaak mass, in the form —

_1-[(A+e) = (bf /a)®e—2(bs /a)up, + (up /8)° ] % = (g /)
(ca/AgEg) + (086a9%°/t Epy)

it (12C)

where, y can be obtained from Eq. 7d of Part | of this pgpéadkar et al., 2008) by
replacing B with RE.Ey, as -

_ @+ v)(Po ~Pp)bs (12d)
RFEEmin

where p is radial stress at elastic- plastic boundary f)=as per Eq. 12b of Part | of
this paper (Viladkar et al., 2008).
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8. EMPIRICAL CORRELATION FOR STAND-UP TIME

It is important to know the time period for which tannel section can be left
unsupported. Knowledge of this time period helpsiéermining the time by which
installation of the supports may be delayed andritti@l displacement, 4, which may
be permitted. Bieniawski (1989) related the stapdimne with RMR and roof span and
plotted the results in the form of a chart (Figse, ®). The chart does not consider the
effect of the excavation shape and gives the saahee\of stand-up time for a given
opening size and RMR, regardless of the shapeebgening. However, excavation
shape is likely to influence the stand-up time (e 1958).

100000 =

10000}

1000

o
(=]
T

time,hrs

-up

tareh = 1o RMR-20) /15

Stan

(Corr. Coeff. = B1°%)

0 10 20 30 40 50 60 70 80 30 100
Rock mass rating, RMR

Fig. 6a - Correlation between stand — up time aldRRor underground
openings with arch roof

8.1 Effect of RMR on Stand-up Time

To overcome the above problem, Bieniawski's (1988)a has been re-analyzed to
arrive at an empirical correlation for stand-up @imMining and the tunnelling

(including caverns) cases were separated for thipgse as these normally have
different excavation shapes i.e. flat roof and arcbf respectively. An analysis of
Bieniawski’'s data has revealed that RMR has a datimg influence on the stand-up
time. Figures 6a and 6b display his data plotte®&& versus stand-up time for arch
and flat roofs respectively. The following corrédats have been obtained from the
regression analysis for underground openings with and flat roofs (i.e. tunneling and
mining case respectively):

tyen = 10(RMR-20)/15 hrs (13a)

with a correlation coefficient = 81% and
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the = 10RMR-23)/14 hrs (13b)

with a correlation coefficient = 96% wherg,t and i, are the stand-up times for
opening with arch roof and flat roof respectively.
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10 t“m =10
(Corr. Coeff = 96*.)
o
1 I 1 I J
30 40 50 60 70

Rock mass rating, RMR

Fig. 6b - Correlation between stand — up time aktRRor underground
openings with flat roof

8.2 Effect of Opening Size and Overburden Height oStand-Up Time
To study the effect of opening size, correctiontdeg ., and fi,; (for arch and flat

roofs respectively) were built in Egs. 13a and X8 the correction factors are
therefore defined as:

tobsd
- arch

faren = 1Q(RMR-20)/15 (14a)
tobsd

and fu = —_ah___ (14b)

1 Q(RMR-23)/14

where t2¢ and £ are the observed stand-up times for openings aith roof and

at

flat roof respectively. Regression analysis gawefttlowing correlations for correction
factors calculated from these equations:

g (0.004 H-0.21) (15a)

farch
and

font g (0.014H-0.24) (15b)

Applying these correction factors, correlationstfue stand-up times (Egs. 13 a, b) may
be expressed as:

tuen | = 1§RMR-20)/15 - (0.004 H - 021) hrs (16a)
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and
that — 1gRMR-23)/14 p-(0.014H-0.24) hrs (16b)

where B and H represent the width of the opening awmerburden in meters,
respectively. It may be seen from these equatibas stand-up time decreases with
increase in opening size, B. Further, the sizeceffdepends upon the height of
overburden, H. The size effect is more pronouncedieeper openings than those
located at shallow depths.

8.3 Correction Factors for obtaining tcn from tqa and Effect of Opening Shape

Equations 16a and 16b further indicate that omesire influences the stand-up time
more in case of arch roof openings than in casdlafroof openings. This, however,
does not appear to be correct. This anomaly igatige fact that stand-up time depends
upon the active span of the opening and not onoitd span as considered in these
equations. The active span (unsupported span)fisedeas the distance of the last
support from the tunnel face or the tunnel spanichdver is minimum. The data
reported and used in Figs. 6 a and 6b by Bienia{$89) shows the total span of the
opening and not its active span. It is therefotdefuo seek a correlation for stand-up
time including the effect of opening size from thdata. Equations 14a and 14b
therefore may not be used directly for estimathmgy stand-up time. Further analysis has
revealed that the correlation coefficients of Etga and 16b are only marginally better
than those of Egs. 13a and 13b. In view of thiss.Ea and 13b may be used to
determine the ratio of stand-up time of the arobf mpenings to that of the flat roof
openings. This is given as:

f, _ 107 (RMR-65)/100 5 4 (17)
where, f = tarch/ tat

fi may be used as the correction factor for obtaitigg from the following equation:
tarch = fi. tat (18)

For using Eq. 18,4 may be obtained from Fig. 6b (Bieniawski, 1989) &may be
picked up from Fig. 7. Equation 17 shows the infices of the shape of an underground
opening on the stand-up time. It may be seen frogn F that this effect is more
pronounced in openings driven through relativelgmpmck masses (i.e. with low RMR
values), goes on reducing with the improvementhim tock mass quality and finally
becomes non-existent (=1) for RMR value of 65 doalva.

9. CONCLUSIONS

Work presented in this paper is based on fieldistudarried out at 63 different sections
in tunnels of various projects in the Lower Himaagnd peninsular India. The field
studies involved instrumentation and monitoring ddita related to — a) tunnel
convergence / closure, b) deep seated deformaitiorsck mass, c) contact pressures
between rock mass and steel sets and iv) loadsehrsbs apart from other data related
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to geometry and rock mass classification. Thigdfdhta was analyzed with the aim of
proposing a practical approach for prediction afugd response and support reaction
curves for both self supporting/non-squeezing anaszing ground conditions in order
to perform a complete rock mass-tunnel supportractéon analysis. Based on the
analysis of the field data collected at tunnel @cojsites in India and the field data
available in the literature, empirical correlatidres/e been derived and presented in this
Part 1l of the paper for —

(i) Stiffness of the backfill between steel rib andk (Eq. 4).

(i)  Stiffness of the support system with diffetéypes of backfills for determination
of the support reaction curve (Egs. 5 a -c).

(i) Additional pressure on the support systene do charging of the concrete- water
conductor system and post construction saturatfoargillaceous rock masses
(Eq. 8)

5

Correction factor, fy = tgqeen / teiat

=1
L= -

Correction factor, f4

1] | | 1 |
0 20 40 60 80 100

Rock mass rating, RMR

Fig. 7 - Variation of correction factor (Ratio aaad — up time of arch and
flat openings) with RMR

(iv) Short term support pressures for both noregging ground condition (Egs. 11 a
and 11b) and squeezing ground condition (Eqs. 42dbl12c) and

(v) Prediction of stand-up time for underground mipgs with flat and arch roof
shapes (Egs. 17 and 18). Figure 7 shows that &imel stp time is much higher for
arch roof than for flat roof in mines.
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APPENDIX — A

ADDITIONAL SUPPORT PRESSURE DUE TO CHARGING OF WATER
CONDUCTOR SYSTEM

From Fig. 5 (in Part | of this paper, Viladkar ¢t 2008) for non-squeezing ground
condition,

U = (1) (Po — p) / Eq (A1)
Rewritten Eq. A.1 for dry and saturated rock massddions (i.e., before and after
charging of the water conductor system) and eqgatire right hand sides of the

resulting equations (tunnel closure is the samé®bh the conditions as shown in Fig.
4),

(1+ V) (po' de) / Edry = (1+V) ( Po- pisat) / Esat (A.2)
where, Ra= support pressure in saturated condition.

From Eq. A.2, on multiplying both sides by,E

Psat = Po [(1-Esa Eary)] + Prary (Esat/ Eary)
or

Apisar = Po [(1- (Esat! Ear)] — Prary [(1- ( Esatl Eary)] (A.3)
where,

Dpisat = (Pisat Prary)

Equation A.3 may be written as,

Apisat = [(1-Esat/ Eary)] (Po- Pidry) (A.4)

which is the same as Eq. 8.
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APPENDIX — B

EXPRESSION FOR SUPPORT PRESSURE IN NON-SQUEEZING GRUND
CONDITION

From Eqg. 5 (in Part | of this paper, Viladkar et @008) for ground reaction curve in
non-squeezing ground condition,

Uag = (1+) (po-pg) / E (B.1)
From Eg. 1 (in Part Il) for support reaction curve,
Uss = (Uao/ @) + (s/ k) (B.2)

where the subscripts ‘g’ and ‘s’ refer to the grduesponse and the support reaction
curves respectively.

At the point of intersection of the two curvegg ® Uss At this point, therefore, the right

hand sides of Egs. B.1 and B.2 may be equated, Tdgsther with the substitution of
both py and s with py for the point of intersection, results in the éoling equation :

(bo/ @) + (mx/ k) (B.3)

(1+V) (po- prr) / Ed

or,

pr [(A+V) /T B+ (L/K)] = [(1+) po/ Ba— (to/ @)]

or,

—_ [(1+V)po / Ed - (uao /a)
P @) E, + WK (B.4)

Substituting the expressions for 1/ k in Eq. BahirEqgs. 2, 3 and 4 gives,

o = [(A+Vv)p, /E4 — (U, /a)m5 (B.5)
[(A+Vv)/E ]+ Ga/ELA,)+ (086a "/t E)

which is the same as Eq. 11a.
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APPENDIX-C

EXPRESSION FOR SUPPORT PRESSURE IN SQUEEZING GROUND
CONDITION

From Eq. 7a (Viladkar et al., 2008) for ground @s® curve in squeezing ground
condition,

gfa = 1-[(1+e)—(b/ap—2(b/a)y+ (w/ay]* (C.1)
From Eq. 1 in Part Il of this paper for supportatgan curve,
U/ @ = (Wo/ @) + (s/ K) (C.2)

where the subscripts ‘g’ and ‘s’ refer to groundpense and support reaction curves
respectively.

At the point of intersection of the two curvegg & Ws At this point, therefore, right
hand sides of Egs. C.1 and C.2 may be equated., tbhisther with the substitution of b
with br and g with p¢ for the point of intersection, results in the éoling equation :

1-[1+e)- (bl afe-2(b/a)w+ W/ a)3"* = (wl/a)+ @/ k) (C3)
or,

= AIArO- /e 20 Jayt (AT ] oy

Substituting expressions for 1/k in Eq. C.4 fronsE2, 3 and 4 gives,

- 1-[(1+¢€) - (b /a)ze—2(bf la)u, + (U, la)?]"'? - (U /3)]

C5
Sa/A_E,)+(0.86a*® /t, E,) (€3)

Pit

which is the same as Eq. 12a.



