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A view of the conplalad wotks ton downstean skle

from the existing tlnnels and had been provided with more

suDoorts than reouired. lt also did noi take the t m€ of installation

of support systen into account. The exkting in situ stresses ako

have been taken into account in a ve.y indirect way.
The only rational method availaHe for the analysis and design

of support system is, thsrefore, based on nume.ical modelling

technique wherein one can take almost allthe factors anto account.
This is particularly true about the underground power houses

which have a non-standard geometrica shape, for which ciosed

form solutions afe not available.
Undergfound excavations tend to close under the in situ

stresses of the surrolndinq rock mass and depending on the
ground characteristacs, this may lead to either reduction of the
excavated area or collapse, either of which is not desirable.
Therefore, a basic requirement for the success of the excavation
of an undergro!nd opening is to monitor its deformation during
excav.tion and to control it before it reach€s the limlts of
insrability.

Modern methods of underground excavitions are based on

the Drinciole of controlled deformation rather than no deformation

or too much deformation. This is achieved by establishing a

d€ta i led moni tor ing system which not  only  records the
defomations durino excavations. but also indicates the need for

additional supports if the convergence exceeds certain limlts.
Incidentaly, it also telk us about the adequacy of the support
system belng deployed for the particular reach which depends

upon several  factors such.s in  s i tu  s t resses,  rock mass

characteristics, method of excavation etc..

Monitoring of deformations, support pressures aod other

p.rameters like pore water pressure, subsidence etc., is crucial

for deciding about the optimum support system and provide an

economical solution for stabie underground excavations.

To illustrate what has been stated above, a case study of

Tehri Underground Powe. House is presented.

Deslgn Of Underground caverns At Tehri

The first stage of Tehri Hydro Power Proj€ct comprises a 260 m

high €arth and rock-fill dam across river Bhagirathi and an

underground power house cornpex on the left abltment to
generat€ 10oo MW. The project is located in the Himalayan

region within complo( geological fomations. The design process

involved continuous evaluation of rock mass parameters, detailed

2D and 3D numerical modelling and monitoring program. Hoek

and Brown failure citerion was used to estimate the rock mass

strength parameteE for the rnodel analysis and the model results
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val idated wth th€ f ie ld measurefnents.  FLAC 2D ( l tasca 1995a)
was used for d€sign of patt€rn support system. Shear zones and
major sh€ar planes were modelled in 3D discontinurm analyss
wth 3DEC ( l tasca,  1995b).  Inst r !mentat ion scheme was p lanned
and impement€d to calbrate the mod€.  This case st !dy
demonstrates the role of advanced numer calmode ling techniqu€
in the analyss and des 9n of  the caverns.

Pow€r House Complex
The power house complex consists of iwo main paralL€l c.verns
namely the Machine Hall (MH) and the Transformer Hall (TH)

located about 370 m below the surfac€. The MH cavern is 18a
m long, 22m wide and 47 m high. There are four turbine pits 16
m deep on the floor of the machine hall. The TH caveh is 161
m long, 18.5 m wide and 36 m high located upstream of the MH
with a 41.75 m rock p lar  between them. In addto i ,  there are
other excavations such as pressure tunne s, draft tubes, bus duct
tunnels and ad ts  lo in ing the main caverns and dra inase galeres.

The Tehr i  Hydropower Prolect  is  located n the Lesser
Hima ayas lhe rock formation in the power house area is main y
massive to thinly bedded Phyllt c Quartz ie with caverns oriented
perpendicular to fo iation strike d rection. There are four major
joint sets aid several sh€ar planes with vary n9 thickness (Navani,

1996).  There is  a shear zone of  aboLrt  2 -  5 m th ick,  dppi ig
along th€ foiiation intersecting the caverns. The 3D model of
excavation and geological features are shown in Fig. 1.

= 60 MPa and m'(Hoek Brown Parameter)  = 1o (determlned

from aboratory triaxial tests).

Table l: Rock lvlass Parameter8
E c O o r

Rock 1\4ass 8.66 GPa 2.75 MPa

Sh6ar Zone 4.0 GPa 1.5 lllPa

Sh6ar Plane 1.0 MPa

$ e 0.22 MPa

30q 0.10 MPa

28'

The in s i tu  s t resses were measured at  the crown by
hydrofractudng test. lt was established that the horizontal to
vertical stress ratio along the caverns was 0.526 and across the
caverns was 0.314, while the vertica stress was €quivalent to
the overblrden rock mass.

The power horse complex with MH and TH was anayzed in
2D to estabish pat tern support  desgn.  n th is  analys is .  the
constrlction sequence of the excavation and support insta lation
w€s rnodelled consdering the rock mass to be continuum with
Mohr Coulomb non linear materla behaviour. The effect of rock
bolt was considered in the support nteracton analysis neg ecting
the shotcrete. The length and spacing of fock bolts were optimized
by a series of analysis, which a so involved updat n9 of rock mass
properties d!r ng consiruction. The results of the ana ysis showed
that the faillre zone on ihe roof was about 3 m for both MH and
TH, and on the walls it extended to about'12 - 13 meters for MH
and about 9 11 neters for TH at the mid-height. The
displacement on the roof and mid-height of MH was about 2.5
cm and 2.25 cm and that  of  TH was i t  was 0.9 cm and 1.s cm.
The f nal support design consisted of pre-tensioned rock boltt:
on the roof 25 mm dia, 6 m and 10 m long for lvlH and 6 m and
8 m long for the TH, on walk 32 rnrn dia of varylng ength from
9 m to T 5 m for MH and of varylng length 8 m to 1 3 m for TH.
The axia l  forces developed n the bots were wthn the boi
capaclty. The excavation sequence/ deformed boundary, failure
regon,  and rock bots wi th axa forces a.e shown i i  f igure 2.

Fig 2 Failute Regian and RacL Bolts wilh Axtat Farces

Ftg 1: 3DEC Modelol Excavatton ani Geological Featues

Numer ical  Model
The input parameteG for the model were estimated based on the
methodology propos€d by Hoek and Brown (T977).  Wth the
progress of excavaton, rock mass properties were rpdated and
support design was mod fied. The flnal rock mass propertes ured
for the analyss afe giv€n in the Table which were based on the
Geo ogical  Strensth ind€x = 56 (obta ned f rom vsual  i rspect ion
and geo ogical  mappi ig) ,  End Unconf  ned Compressve Strength
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Fig 3: Layoul of lnstunentatan

The pow€r house complex was analyzed in 3D with busdlct,

draft tube and presslre tunnels joining the MH and TH caverns.

The geologica fe.tures mainly the folded shear zone, and abolt

19 sh€ar p lanes were expic i t ly  modeled as shown n fgLrre 1.

Discont inuum analys is  was per formed to understand the

interaction of multiple €xcavations with Seological featur€s and

idenUfy the regions requirlng enhanced support.

Model Calibration

Inskumentation was planned and installed at appropriate locations

and time during excavation so that maximum information colld

be obtained for the calibration of the model. Rock

defornation was measured by mechanicaltype MPBX.

The extensometers werc installed on the roof of

bolh r 'p .  averns f -om Ins de, , .e .  af ler  rhe exca!at ion

of the crown advanced to the des red location,

however, monitoring usually becomes difficult with

benching.

The MPBX on the wal ls  were insta l led and

monitored from the drainage galleries before the

excavations reached the instrumented levels. The

wal l  was moni tored un- interrupted by the

construction activity. A layout of the instrumented

cavern is shown in figure 3. caverns w€re instromented at three

The wall instrLrments were installed in a phased manner when

excavat ion level  of  MH was El  609 and TN at  El  618 and the

exact seqlence of excavation and installation of the MPBX was

modelled usins FLAC. Ihe comparison of the calculated and

measured deformation from the cavern wal into the rock mass

for fvlPBX 3 and MPBX 5 is shown in figures 4 and 5. lt can be

seen that the results are in close agreement indicating proper

validation ofestimated rock mass parameters and support design.

7
---"

t 0

E 6

E

Distancc from Transforrncr HalL cavern

Fig 4: Calculaletl and Measued Data-MPBX 3
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Fig 5: Calculated and Measued Data-MPBX 5

Conclusions

Numerical modelling provides a tool to the

designer such that various perameters affecting

the stresses and deformations of und€rgfound

openings can be taken nto acco!nt. lt is possible

to s i rnul . te  var ious shapes,  sequence of

construction and varous support systems to

arive at the optihum designs.

However,  t  is  essent ia l  that  some

measuremeni data sho!ld be made available so

that the modek can be verified and calibrated.
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