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top of the flows arc marked by agglomerate/tuff with or without red bole,
besides clinkery fragmented zone.

BRIEF GEOLOGY OF THE NARMADA DAM SITE

The dam site is occupied by basalt flows (‘Aa’ type) underlain by sedimen-
tary sequence of Bagh Beds tonsisting of quartzitic, argillaceous and
pebbly sandstones, shale and limestone Contacts of the sedimentaries
ara sheared. These are overlain by horizontally disposed 7 to 56 m thick
basaltic flows containing dense, amygdaloidal and porphyritic varieties
that are separated by agglomerate, tuff and red bole at interfaces. The
Bagh Beds and volcanics are profusely intruded by dykes of basic compo-
sition that are aligned in ENE-WSW direction. One of the major dolerite
dykes forms the right abutment of the proposed dam. Contacts of the
dykes with the host rocks are highly sheared.

Sedimentaries have been brought in juxtaposition with the basalt at the
base of the dam by a river bed fault aligned in N 80°E-S 80°W direction,
cutting across the foundations of five spiliway blocks. The fauit zone is
about 12 m wide. The basalt on the footwall side of the faultis highly
sheared and fractured. About 15 cm thick clay gauge is confined to the

hanging wall. Sedimoentatics adjacent to the fault zone on the right bank
are also fractured.

The fracture, shear and fault planes trend in NNE-SSW direction. Linea-
ments trending in NE-SW and NNW-SSE direction that are sympathetic to
Narmada fault are also observed,

BRIEF GEQLOGY OF THE KARJAN DAM SITE

The rock types exposed in the area are a sequence of Deccan Basalt flows
(‘Aa’ and ‘Pahoehoe’ type). These are mainly porphyritic and amygdalo-
idal in composition. Each identifiable flow is characterised by a fine
grained or porphvritic dense besalt towards the base, turning vesicular/
amygdular towards the top. The interfaces of the consecutive flows are
generally occupied by thin, highly weathered, ferruginious seams. The
whole sequence of flows is traveisud by ENE-WSW tiending dykes. These
dykes ara absent in the foundation aroa of the dam. Persistont sots of
joints, shears and faults trend In N-S to NNE-SSW direction.
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42 GEOMECHANICAL PROPERTIES OF THE FOUNDATION ROCKS... .

out on the selected location of foundations

(Table 2) :

are  summaiised bLelow

Tabla-2 : Tost results of in-situ deformability ot foundation rocks,
Narmada dam

Location

Romarks Modulus of Molulus of Ratio of
deformation  eleasticity the two
x103 kg,em®  x10% kgfem®  modulu

Ch. 637 m Jointed basalt 0.04 0076 1.87%
EL. 90.75 m with pockets of
agglomerate
Ch. 859 m Highly jointed 0.10 0.24 2.4
El.48.0m calcifiod basalt
Construction Calcified trap 0.243 —_ —
sluice blocks

Calcifiod dole 0.42 — —_

-tite &

Shear zone 0.31 — -

Ch. 1190 Fault zone 0.04 — -
to 1226 m
Off-shoot of 0.162
fault zone
Ch. 1221 10
1228 m
El 0.72 to Argillaceous 0.03 0.06 2
1.08 m sandstone
El. 2.07 Quartzitic 0.05 0.2 4
to 2.28 m sandstone

*Dlrecton of lcading horlzontal.
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out on the sclected location of foundations are summarised  below
(Table 2) :

Tablo-2 : Tost results of in-situ deformability of foundation rocks,
Narmada dam

Location Romarks Modulus of Molulus of Ratio of
deformation  eleasticity the two
x103 kg.cm®  x10* kgfcm?  mocuiu

Ch. 637 m Jointed basalt 0.04 0 075 1.87*
El. 90.75 m with pockets of
agglomerate
Ch. 859 m Highly jointed 0.10 0.24 2.4

El.48.0m calcifiod basalt

Construction Calcified trap 0.243 — -
sluice blocks

Calcifiod dole 042 — —
-rite &
Shear zone 0.31 — -
Ch. 1190 Fault zone 0.04 — -
to 1226m
Off-shoot of 0.162
fault zone
Ch. 1221 to
1228 m
El. 0.72 to Argitlaceous 0.03 0.06 2
108m sandstone
El. 2.07 Quartzitic 0.05 0.2 4
to 2.28 n sandstone

*Directon of lcadlng horlzontal.
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The average values of the ratio of the modulus of elasticity and modulus
of deformation of tho basalt vary from 1.87 to 2.6 and indicate woatheied
jointed nature of the rock mass. Sedimentary rocks adjacent to the fault
zone are also highly jointed as indicated by the high ratios of the two
modulii (2 to 4). Low value of the modulus of deformation of the river
bed fault zone (0.040 x 10 kg/cm?) and high modulus ratios of the abut-
ment rocks have posed the problem of differentisl settlement for the river
bed spillway blocks. Treatment to the river bed fault has been provided
in form of 34 m deep reinforced concrete plug.

Shear parameters of the foundation rocks and weak material have been
obtained by laboratory and in-situ shear tests. Laboratory test results of
the geomechanical properties of the shear zones are tabulated below
{Table-3) :
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The average values of the shear parameters obtaied by in-situ shear tests
of various lithounits, sheared contacts, joints and red bole layer are as

below (Table-4) :

TABLE-4 : AVERAGE VALUES OF SHEAR PARAMETERS OF THE
FOUNDATION ROCKS AND WEAK ZONES (based on

the in-situ shear test),

Shear Tests

Shear Parameters
Cohaesion ‘C’ Angla of internal

friction ¢
Through Quartzitic sandstone 0 44°
Argillaccous sandstone 0 17¢
Through upper contact of Argillaceous 0 11°
sandstone and Lower contact of
Quartzitic sandstone \
Through Lower contact of argillaceous 0 26°
sandstone and upper contact of
quartzitic sandstone
Through contact of massive trap 0 18°
and agglomerate
Through pebbly sandstone 0 45°
Through red bole 0 17¢
Through contact of massive basalt 0 47°
and amygdaloidal basalt
Through weatherod joints - 27° to
in basalt 39¢

Note : A few tests have also indicated very low valucs of cohssion. These
values are recommended to be naglected and hence stated as zero.
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Lahoratory box shear tests of the red bole layer indicate value of ‘¢’ 29
to 30" (Tablo-3) whilo the in-situ shea tosts gave the value 17° (Table-4).
Therefore, in the design of the foundation treatment more realistic shear
parameters based on insitu shear tests have been recommended to be
adopted.  Low vulue of shoar parnmoetors havo beon obteined for the
argillaceous sandstone, sheared contacts of the sedimontaries, tuff rod

bole layer and some of the weathered and sheared joints in the basait.

Red bole layer having low value of angle of internal friction (17°) posed
the problem of sliding for the spillway blocks 28 to 40 located on left side
of the river bed fault. Sheared contacts of sedimentaries, tuff and sheared
joints in the basalt also posed the sliding problems for the spillway blocks
45 1o 51, located on right side of the river bed fault. Open and under-
ground concrete shear keys across the weak layets have been provided by
excavaling weak matorial and back filling it with conciote to incroase the

shear friction factor of theso blocks.
KARJAN DAM

The foundation of the Karjan dam is occupied by the dense porphyritic and
any amygdular varieties of basalt. Numcrous weathered seams pinching
and swelling in nature, measuring 1 cm to 1 m in thickness are encoun-

tered at intervals of 3 to b m dissecting the foundation rocks.

The avetage values of the physico-enginoering properties of the rock cote
samples of the foundation rocks are tabulated below (Table-5),



1jeseq onuAydiod

0001 1ZA 0L XELT 85¢ o8¢ gi'g 122 jepiojepBALY
1|eseq

ogzL €L 0L X 00 98'C 9LT LY g9t |eptojepBAwy
jeseq

00Tl 9 =0l X 81T 897 gLC (44 oTe onpAydiod

edpy Ul ‘ediN

(ueyizeig) ui yibBuans ‘09§, Wd el
yibusns anissasdwon ut Y, enil sieday Ce vondiosye
slisual psuyuosun Aujigeswiad AuaeiB ouidsds  Als0i0d J91BAA adAl ooy

wieq uefie)] JO s8I0D }O04 eyl 30 salsadoud

Bulissuibug : g-s|qel



48 GEOMECHANICAL PROPERTIES OF THE FOUNDATION ROCKS ..

The average values of the water absoiption (9;,) vaties from 1.48 to 2.20,
porosity (%)—4.87 to 5.15, specific gravity—2 58 to 2 86, unconfined
compressivo sttongth from 62 to 74 Mpa. These valuos ato compaigblo
with tho foundation 1ocks of the Naimada dam and are within the normal
limit of fiesh, moderate to good rock values of basalts.

CHARACTERS OF THE WEATHERED SEAMS

The woathered seams consist of sheared and weathered rock pieces asso-
cinted with thin clayey material at places. These are of wavy, branching
and of pinching/swelling nature. Thickness of the seam veries from a few
millimetres to a metre. Zeolite’calcite infilling have been noticed along
soma of the weanthorod seams.

In-sity shear tests carried out on the weathered seams in the foundations
of overflow and non-overflow blocks indicated value of cohesion ‘C'=
0 kg/cm? and the value of angle of internal friction ‘¢':=:22° 10 26°. Low
values of shear parametets have necessitated provision of conciete shear

keys along the weak layeis atthe toe of the dam blocks to resist the
sliding forces.

CONCLUSION

The geomechanical properties of the Deccan Basalt and Infra-Trappean
Sedimentaries in the Narmada valley of Gujarat including specific gravity,
water absorption, porosity, unconfined compiessive strength, modulus of
deformation-elasticity and shear strength have been obtained for the
classification of the foundation rocks and for the consideration in the
design of the dam and providing remedial measures.

Deep reinforced concrete plug has been provided in the river bed {ault
at Narmada dam site in view of the low modulus of deformation value of
the fault zone material and high modulos ratio of the adjoining rocks.
Concrete shear keys have been provided in the foundation of Narmada
and Karjan spillway blocks in order to prevent them against sliding along
sub-horizontal weak layers having low values of shear strength.

The different units of basalts and also that of the sedimentaries in the
Narmada valley have varied characteristics, The variations in the physico-
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Geotechnical problems and treatment of foundation of major dams on Deccan
traps in the Narmada Valley/Gujarat/Western India

Les problemes géotechniques et traitement de la fondation des barrages majeurs
sur les cascades de Deccan dans la vallée de Narmada/Gujarat/de 1’Ouest de I’Inde

P.N.Mehta & Indra Prakash
Engineering Geology Division, Geological Survey of India, Jaipur, India

ABSTRACT: Foundation conditions of two major concrete gravity dams located across
Narmada and Karjan rivers on Decan traps in the Narmada Valley have been evaluated. Weak
foundation media in the Deccan basalt flows are tuff, agglomerate and red bole.
Besides, the rocks are dissected by joints, shears and faults. Older sedimentaries have
been brought in juxtaposition with the basalt by faults in the vicinity of the Narmada
site.

A red bole layer and argillaceous sandstone occur below the foundation of the Narmada
dam and weathered seams lie in the foundation of Karjan dam. In-situ shear tests carried
out on these sub-horizontally disposed weak layers have indicated low values of cohesion
(C) and angle of internal friction (@) posing sliding problems of the spillway blocks.

Foundation treatment at Narmada dam site, inter-alia, Includes excavation of the drifts
in the grid pattern aggregating more than 10 km length along the sub~horizontal weak lay-
ers and back filling with concrete and also by providing open concrete shear keys to have
adequate resistance against sliding. Similar treatment has been done in the Karjan dam
foundation.

Treatment of the river bed fault at Narmada dam site has been provided in the form of
a 34 m deep reinforced concreteplug after detailed geotechnical and photo elastic studies.

RESUME: Les conditions des foundations des deux mayeurs barrages de concrets gravite situe
sur less rivieres Narmada et Karjan sur less trappes de Deccan dans la vallie de Narmada,
avaient etc. evalues. Le millieu feuble de la foundation dans 1 'e' coulement basalte.de,
Deccan sont tufs, agglomere et bol rougl. Ces e' coulements sont dissiques par les joints,
Usailles et failles. Ies sediments plus vieux e'laient juxtaposes anee la basalte par les
failles en proximite a 1l'emplacement de Narmada.

Une couche de bol rouge et les bandes agrileux du gres se produisent descus la foundation
de barrage de Narmada et les couches atterees se trounent dans la foundation du barrage
de Karjan. Des e'preune des u’sailles conduites un-site sur ces faibles counches dispose'’
sub-horizontallement ont indique's les valeurs basses de cohesion et un angle du friction
interne posant les problemes de glissement des blocs passe — deversoir.

Le traitement de la foundation a' 1'emplacement du barrange de Narmada inter—alia a inc-
lue ITexcavation des monceaux en modele de grille, agreglant plus que 10 Km en longeur,
belong des couches faibles sub-horizontal et remplissant de concret et aussi fournissant
les cles® ouvertes des cisallles de conmcret pour avoir une resistance adequate contre le
glissement un traitement pareil a’ etc’ failt dans la foundation du barrange de Karjan®.

le traitement de la faille due lit de riviere a 'et' fourni a '1' emplacement du barrage
de Narmada en forme d'un tampon de concrete renforce' apres les e’ tudes ge' otechniques
et photo- elastiques de'tallle® es.

INTRODUCTION being 8.5 cumecs. In order to harness the
. vast irrisation and hydro-electric potential
The Narmada is the largest of all the west of the river, it 1s proposed to construct a

flowing rivers debouching in the Arabian sea 129 & high (above the bed level), and 1270
It has a total length of about 1311 km from m long concrete gravity dam to generate 1450
its source to sea with an average maximum MW power and irrlgate 1,792 M. Ha.

flood discharge of 69,375 cumecs and ninimum The Karjan river is one of the Major tri-
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butaries of the Narmada and joins about 25
Km dovmstream of the Narmada dam. The 100 m
high and 903 m long masonry—cum—concrete
dam has been completed at about 22 km from
the Narmada dam (Fig.l) in 1986 for irriga-
tiomn.

NARMADA RIVER

Fig,.l-Iocation plan of Narmada and Karjan
Dams

Detailed rock mechanics laboratory and
field studies have been dome at these sites
for obtaining the geomechanical properties
of the individual lithounits. The main geo~
technical problems at the project sites
were related to the presence of a number of
weak layers in the foundation of Narmada
and Karjan dams which have necessiated spe-
cial measures in the design and treatment.
These have been studied in detail and have
been discussed in the paper.

GEOLOGICAL SEITING

The Deccan basalt flows of Cretaceous~Eoce-
ne age cover a vast area of Gujarat. The
traps comprise numerous flows of 'Pahoehoe’
*Aa' and intermediate types of basalts int~
truded by basalt and dolerite dykes.In the
Narmada river section near the dam site,
thin Cretaceous sedimentary rocks, normally
underlying basalt flows occur in the form
of inliors.

The Narmada and Karjan dams are located
in a graben bounded by faults parallel to
the Narmada-Son-lineament aligned in ENE-
WSW direction. The Narmada—Son lineament is
considered to be a major tectonic boundary-
a geofracture dividing the Indian shield
into a southern penisular block and a nor-
thern foreland block (Biswas 1983). Recent
studles have indicated that Central Indian
shear Zone is following Son—Narmada and Ta-
pi lineaments. It represents an inter-—
continental c¢ollision suture and joins-with

Singhbhum shear on the east and Delhi-Arava-
11i fault on the west in a Sickle shaped
trend (Dutta, 1988).

Geology of the Narmada and Karjan dam sites

The Narmada dam site is occupled by basalt
flows ('Aa' type) underlain by sedimentary
sequence of Bagh beds (Cretaceous). The

lava flows have 5° to 15° dips. The flcw=
are characterised by fine grained or pcrpny-
ritic, hard and dense basalte .. .
Agglomerate and red bole layers are also
present at the top of some of the flows.
Thickness of individual lava flows varies
from 7 to 56 m. The sedimentary rocks known
as Bagh beds comprise quartizitic sandstone
argillaceous sandstone, shale and pebbly
sandstone and limestone. Contacts of the se—
dimentaries and some of the flows are shear—
ed. The sedimentaries and basalts are profu-
sely intruded by dolerite and basalt dykes
aligned in ENE-WSW direction. One of the
major, 40 m wide, dolerite dyke is exposed
on the right abutment. Contacts of the dyk-
es with basalts are highly sheared.

The fracture shear and fault pattern in
the area trend in ENE-WSW direction. The
discontinuities aligned in NE-SW direction
are also observed. A river bed fault trend-
ing almost in E-W direction has brought the
sedimentaries in juxtaposition with basalts.

At the Karjan dam site, Deccan basait flo-
ws of 'Aa' and 'Pahoehoe' type are exposed
in the river bed and the abutments. A chara-
cteristic’ feature of the rocks in this area
is the presence of weathered rock seams at
the interfaces of many flows. Thickness of
the individual flows varies from 3 to 30 m.
The 'Aa' flows are characterised by fine
grained or porphyritic hard or demse basalt
towards the base and become amygdular or
tuffaceous twoards the top.

Persistent sets of joints, shears, faults
trend almost in N-§ to NNE-SSW direction.At
the dam base, a 12 m wide river bed fault
trending in N~-S direction traverses the foun-
dations of three blocks. Joints and fracture
trending in ENE-WSW direction are alsc obs-—
erved indicating tectonic imprint of both
West Coast and Narmada-Son lineament in this
area.

GEOTECHNICAL PROBLEMS AT NARMADA DAM SITE
Problem of sedimentaries and tuff:

On the right bank infra-trappean sedimenta-—
ries under-lying basalt flows are encounter—

ed in the foundation of spillway blocks—~44
to 51. These comprise argillaceous sandstone
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quartzitic sandstone, pebbly sandstone shale
and limestone of varying tbicknesses.

The sedimentaries are gently dipping towa~
rds N5°- 30° (right bank). Tuff layer is
of pinching and swelling in nature and high-
ly sheared. Argflilocaous sandstone is hard
but highly sheared and fractured in the
proximity of the river bed fault. The quar~
tzitic sandstone is hard and competent and
has widely spaced joints. o - -
E Rl e e - ° .
The pebbly sandstone disintegrates under
saturation. The shale occuring as lenses is
hard and competent. The limestone is of non—
cavernous nature, but has a few open joints.

The contacts of the litho-units are shear~
ed. The sheared contact material along the
bedding planes of lower and upper argillace-
ous sandstone is gougy and contain clayey
material with sheared rock pleces. Its thick-
ness varies from a centimeter to 20 cms. The
average values of the shear parameters obta-—
iped by in-situ shear tests of various litho-
units and their sheared contacts are given
in table :

ot Yo

Table: Average values of shear parameters
of the sedimentary rocks and sheared con~
tacts,

Shear- tests Shear Angle of
Para- internal
meters friction
Coheision

’c! ¢

Through quartzitic °

sandstone . 0 44

Through argillaceous o

sandstone 0 17

Through upper contact

of argillaceous sand~

stone and lower comtact °

of quartzitic sandstone. 0 11~

Through lower contact of

arglllaceous sandstone

and upper contact of o

quartzitic sandstone. 0 26

Through pebbly sand-

stone 0 45°

e Ut VI

In view of the low in-situ shear test
results obtained at the contacts arglllace~-
ous sanastones and quartzitic sandstone,
present in the foundations of spiliway blo-
cks-44 to 51, treatment for safety against
s8liding was provided. The treatment envisa~
ges removal of the argillaceous sandstone
layers and its sheared contacts by excava~

ting 3 m wide and 3.6 — 6 m high drifts in
a grid pattern, leaving rock plilars of

size 8.5 x 8.5 m in between adjacent drifts
and back filling the drifts with concrete/
colcrete.The drifts replacing the Lower and
Upper argillaceous sandstone are lying dire-
ctly one over the other separatedby upper
quartzitic sandstone (Fig.2). For proper
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Fig.2 Typical Section of foundation treat-—
nent of arglllaceous sandstone layers

keying; crown of the upper drifts have been
excavated in the sound basalt and of lower
drifts in the quartzitic sandstone. Tuff
layer was removed from the crown of the
upper argillaceous sandstone treatment
drifts.8ome of the lower and upper drifts
in blackr 49 and 50 are combined due to
thining of quartzitic sandstone in betveen
argillaceous sandstone layers. Maximunm
height of the drifts is 12.50 m.

The drifts were excavated aggregating
5186 running metres through 26 shafts of 3
to 4 m diameter. Maximum depth of the shaft
i1s 40 n in the block-50 between EL(+) 24 m
and (-) 16 m. Total rock excavatiod involv—
ed through shafts and drifts for the treat-
ment of argillaceous sandstone was 88870
cubic metres.

In order to ensure a good contact of the
roof rock with concrete/colcrete, consolida-
tion—cum-contact grouting through holes
spaced at 2 m c/¢ was done in grid pattern
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from the foundation rock. It would also help
in filling the shrinkage gap between concr
ete and rock, open natural and blasted joln-
ts and other discontinuities in the founda-
tion.

Red bole: A red bole layer having rolling
dip of about 5 to 15 towards upstream was
delineated in the foundations of left bank
spillway blocks 28 to 42 between El 22

and (~) 10 m. Its continuity towards right
bank is cut by the river chamnel fault. The
red bole layer separates two amygdaloldal
basalt flows which are intruded by two rough-
ly parallel NE-SW trending dolerite dykes.
shearing was observed along the red bole
layer and also across the dolerite dykes in
the lateralcontinuity of the bole layer.
Shearing has resulted in the formation of
gougy waterial along the red bole. The thick-
ness of the red bole layer varies from 5 cm.
to 40 cm. When soaked in water, it crumbles
to powder ilmmediately.

Mechanical analysis of red bole material
indicate6 to 12% clay. laboratory tests of
remoulded samples of red bole and sheared
paterial across the dolerite dyke gave valu-
es of angle of interpnal friction as 29 to
30° and 35° to 36.500, respectively. In-situ
shear tests on red bole indicated the value
of cohesion 'C' as O Kz/Cn” and '¢' as 17°.

The stability analysis indicated possibi-
ity of sliding along the low dipping red~
bole layer occuring about 10 to 30 m below
the foundations and warranted suitable reme-
dial measures. Treatment to the red bole
layers was provided in the foundations of
spillway blocks—-28 to 42 by excavating 3 m
wide drifts in a grid pattern, leaving 4.5
x 8.5 m rock pillars in between them. These
drifts were back~filled with concrete to
increase the shear friction factor of these
blocks .against sliding. Earlier the treat~-
pent was designed only for the foundation
area occupled by the red bole layer and the
hizgher Xalue of angle of internal friction
'@' (48") was considered for the area cccu—
pled by the dolerite dyke. During the exca-
vation of drifts, shearing across the dole-~
rite dyke in the coantinuity of the red bole
layer was observed *n the foundation of
spillway bhlocks 28 to 33 and 34 to 40. Acco-
rdingly, treatment to this sheaxr-zone was
algo provided considering value of ¥' as
36 . Total area of the treatment of red
bole in each block is approximately seventy
percent of the foundatlon area. Total rock
excavation through shafts and drifts aggre-
gating to 4858 m length was 47590 Cu.m.

River bed fault: A river bed fault is expo-

1924

sed at.the dam base cutting across the foun-
dations of five spillway blocks 41 to 44,
it is aligaed in N80°E - 680%W direction
dipping 60° towards N10°W. The sedimenta-
ries on the right bank have been brought
near the surface in juxtaposition with the
basalt by this fault. The length of the
fault is about 1.6 km and width at the dam
base is 12 m. The basalt on the footwall
side 1s highly sheared and fractured.

About 15 cm thick clay gouge is confined
to the hanging wall. In view of this fault,
foundation of blocks. 41 to 44 are having
different lithological units of varying
physico~englneering properties on both sid-
es of the fault.

In-situ test results have indicated low
values of the modulus of geformition for
the fault zone (0.05 x 10”Kg/cm®). The high
values of the modulus of deformation ha§
been ghtained for the basalt (0.§2 x 105
Kg/Cn™) and sandstone (0.38 x 10~ Kg/em).
The average values of the ratio of the
modulus of elasticity and modulus of defor-
nation of the basalt vary from 1.87 to 2.5
indicative of weathered and jolnted nature
of the rock mass. Sedimentary rocks adja-
cent to the fault zone are also highly Joi-
nted as indicated by the high ratio of two
modulus ( 2 to 4). In view of the low
value of modulus of deformation of fault
zone and highmodulus ratio of the abutment
rocks of varying pysico-engineering proper-
ties, problem of differential settlement
in the foundations of river bed blocks 41
to 44 was apprehended.

Treatment of the fault envisaged‘of fault
zone material by excavating a trench and
back £1lling with concrete. For the deter-
mination of the depth of the fault plug two
dimensional photo-elastic studies were done
These studies have shown that plug depth of
about 1.5 times the width of the fault zone
would be adequate for the treatment of fau-
it zone.For plug depth equal to 1.5 to 2
times the width of the fault zone stress
distributions are similar to those obtained
in Toof of the inspection galleries of the
dam (Desai, 1983).

The normal foundation level of the dam
blocks adjacent to river channel fault is
about EL (+) 18 m.. As a part of the treat-
ment, fault zone material was removed by
excavating a trench in the foundation of
river bed blocks down to 34 m depth (EL (-)
16 @) in the upstream and 26 @ depth (EL (~
8.0m) in the down stream of the dam. Thus
the actual depth of the fault zone treat
ment was about 2.15 to 2.83 times the wiatl
of the fault zone.

Hammock reinforcement consisting of tour
layers of 36 mm dlameter high yield strer-
gth deformed steel bars, spaced 50 cm para-
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Fig.3 Geological Section across fault zone
(for Index see Fig.2)

1lel to dam axls in one direction and para-
llel to strike in other direction was pro-
vided in the fault plug to uniformly distr-
ibute the load and to safeguard against any
local weak pockets, and to prevent differ-
ential settlement within the plug(Fig.3).
For mobilising greater shear resistance
high yield strength deformed anchor bars

36 mm diameter, 8 m» longg in a grid of 3x3
m were also provided.

Treatment of weathered zone below block-16

Foundation of the block-16 is occupied by
a slightly weathered to fresh, highly joln-
ted amygdaloidal basalt layer. A weathered
zone is present 5 to 6 m below the gemeral
foundation level. Thickness of this weath-
ered zone varies from 0.1 to 1.5 m. In-
situ.deformability tests were carried out
at this location. The average galue f de~
formation modulus is 0.04 x 10 Kg/cm5 and
of ,modulus of elasticity is 0.075x10° Kg/
cn”. The ratio of the two modulii (1.87)
also indicates weathered and jointed nature
of the rock mass. From the ceantral part

of the foundation area this weathered rock
zone was removed during the excavation of
the trench for the in-situ tests and later
as a part of the foundation preparation.
Therefore, .part foundationudf the block is
free from the weathered rock but major part
is lying over weathered rock zone having

5 to 6 m rock cover. In the finite element
analysls, maximum settlement observed at
the toe of this 50 m high block was 0.5 cm
with the . applied stresses, between 18 and
22 kg/em®. Corresponding tension obsﬁrved
near the upstream heel was 1.8 kg/en™. As
a remedial measure for umiformly distribu-
ting the load and to prevent differential
settlement, if any, two tler reinforcement
of 33 mm diameter tor steel bars spaced at

0.6 m ¢/e was provided in entire foundation
area of the block.

CEOTECHNICAL PROBLEMS AT KARJAN DAM SITE:

The foundaton rocks at the Karjan dam site
are similar to the Narmada dam and comprise
the sub-horizoatal:.to low dipping Deccan
basalts which are jointed and faulted with

a number of weathered seams. These weak
features had posed serious geotechnical pro-~
blems necessitating careful evaluation and
suitable treatment.

Weathered seams

In the foundation area of overflow and non-
over flow sections, numerous weathered seams
are encountered at intervals of 3 to 5 m
within the baslatt flows. A number of expl-
oratory drill holes conclusively establish—
ed presence of four geams in the foundation
of splllway blocks within a depth of 20 m
from the general foundation level. The
weathered seams have been delineated in

the entire foundation area below the dam
base during extensive drilling programme
and foundatlon excavation after the const-
ruction of part of the dam

Nature of the weathered seams

The weathered seams consist of a zone of
highly to completely weathered and shatter—
ed basalt varying in thickoess from a cm
to 2 m. A thin persistent layer of clay is
observed along the weathered seam. Thick-
ness of clayey material (7 to 9% clay)
varies from a few mm to 2 cm. Zeolite and
calcite infilling have been noticed at
places besides slicken-sided surfaces with-
in the seam. The seams developed at the
interfaces of the lava flows and along
some of the open joints possibly as a res-—
ult of selected weathering due to percola-—
tion of water along these planes. The
presence of slicken—sided and gougy materi-
al at places and also lateral displacement
of the vertical shear zones are clear evi-
dences of movement and shearing along some
of the seams. Conspicucous seepage was
noticed through these seams in the founda-
tion of river bed blocks.

Sliding problem
These weathered seams may act as poten—

tial planes for sliding of dam blocks. In
situ shear tests carried out on the weath-
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ered seams in the foundations of overflow
and non-overflow bloc&s indicated value of
Cohesion'C' = (uKg/em” and the value of ang-
le of internal friction '@' = 22" to 26 .
In view of the low values of shear paramet-
ers and continuity of these seams in the
foundation, sliding stability analysis of
the spillway blocks and non-—overflow block
was done, Based on these analysis concrete
shear keys were provided in the foundation
of spillway blocks against sliding. The
shear keys are located at downstreanm one
third foundation area of the blocks where
stresses are likely to be maximum under
impounding condition (Fig.4) .
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Fig.4 Typical section of foundation treat-
fiént of weathered seams

In part of the foundation area, where exca-
vation was carried out below the weathered
seams, shear parameters of tse contacts of
masonry to rock (C = 7 Kg/Cm® and 9=45°)
and concrete to rock {€C = 14 Kg/Cm” and 6
45%) were considered based on the insitu
tests.

Treatment to the shallow seams underlain
by 3 to 5 m good basalt rock cover was pro-
vided by excavating trenches and back fill~
ing them with concrete. For the deeper seams
and where the blocks were already partly
constructed, drifts were excavated from the
approaches through shafts located in the
apron area and back filled with concrete
without affecting the normal concreting work

in the dam blocks {Fig. 4)

Settlement and Seepagse Problems :

Weathered seams in gemeral are of pinching
and swelling in pature and of wavy dispos-
ition/no serious problem of settlement of
dam blocks. But the sub-horizontal weather -
ed seam met in the foundation of left nom-—
overflow block-L3 was a thick seam, just 4
to 5 m below general foundation level. Thick
ness of the seam near the heel and toe of
the block was 2 m. Minimum thickness of
the seam was observed at the axis of the
block as 0.5 m. Part foundation of the
block, near block-L3/L4 jointy was free from
seam. In view of the highly decomposed
nature of the thick seam underlying shallow
rock cover in part foundation of the block-3
problem of differential settlement was app~
rehended. However, on engineering analysis
and judgement, no treatment was considered
necessary and this 60 m high block has not
shown any distress after three years of
completion of the dam.

In order to check seepage along the wea-
thered seams additlonal curtain grounting
has been done in the entire foundation of
the Karjan dam. Despite that, seepage
observed in the drainage galleries have not
reduced appreciably. Further, grouting is
being carried out to check the seepage.

A bost ng
River channel fault:

Karjan river flows from south to north in
an 13 km long straight channel governed by
a fault,. At the dam site the N-S trending
vertical river chammel fault cuts through
the foundation of three river bed blocks.
Width of the fault zone is about 12m. Fault
zone material consists of hard shesred bas—
alt associated with thin gougy materlal at
places. After 2 to 3 m stripping of bed
rock from the bed level of the 12-14 m deep
gorge portion of the river chamnel, rock
mass forming the fault zone was found com-
petent. Contact grout hole pipes were emb-
eded in the concrete to seal the shrinkage
gap. A mat containing nominal reinforcement:
extending 3 m on either side of the block
joint was provided on top of the plug to
prevent propagation of cracks upward in - .
case of the cracking of the concrete plug
at the block joint due to shrinkage oi wide—
nining of the rock-concrete gap. Additional
drainage was provided through lognitudinal
and cross — galleries in the body of the
dam in the fault zone area besides inken-
sive consolidation and curtain grouting.

1926



Shear zone

A 2 to 6 a wide shear zone traveres the fou-
ndation of 35 m high block - L from upstre-
am to downstream, trending in N50 W - S50 E
direction. The shear zone is dipping at an
angle of 60 towards SW,i.e. towards the
abutment. Shear zone material consists of
highly to completely weathered basalt with
calcite/ zeolite veins.As a foundation stre-
ngthening measure, soft sheared material
was scooped out from the foundation area
down to 4 to 5 m in depth. Hammock reinfor-
cement was provided in the excavated trench
and back filled with concrete. The width

of the shear zone is maximum at the toe,
i.e., about 6 m, where stresses are also
likely to be high. Tor steel of 25 mm dia-
meter at 300 mm c/c both ways were provided
in the downstream one third area in the high
stress zone and at 500 mm c/c both ways in
the remaining part of the foundation area.
To mobilise greater shearing resistance 32
m diameter anchor rods going down 5 to 9 m
deep inside the good rock at spacing vary*
ing™Mfrom 1 to 3 m were also provided and
intensive grountingdias carried out.

Conclusion

The Deccan basalt is generally considered
to be competent rocks for the dam founda-
tion but the geomechanical properties and
engineering behaviour of individual litho-
units of basalts vary laterally as well

as in depth. These basalt flows posed vari-
ed foundation problems like sliding, settle-
ment and seepage necessllating adoption of
special measures in the design and treat-
ment of the Narmada and Karjan dams founda-
tion-

The foundation problemsemanating due to
the presence of infra-trappean sedimentari-
es, having varying physico-enineering prop-
erties, in juxtaposition with the basalt
at the dam base of Narmada dam are unique
in this area. Therefore, extensive geolo-r
giCal-Studies and geotechnical investiga-
tions™are called for at each site for the
gquantitativec. .assessment and evaluation of
the foundations of the dams located on the
Deccan traps.
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‘rEOTECHNICAL PROBLEMS AND TREATMENT OF WEATHERED ROCK SEAMS
OCCURRING IN THE FOUNDATION OF KARJAN DAM, WESTERN INDIA
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RACT

{arjan dam is located on the Deccan Basalt flows of Cretaceous - Eocene age in the Nammada valley in Gujarat state.
iracteristic feature of the basalt flows in this area is conspicuous presence of a number of sub-horizontal weathered rock
» posing the foundation problems of settlement, sliding and seepage. Concrete shear keys have been provided to increase
liding stability of dam blocks besides other remedial measures. Additional curtain grouting has been done after

letion of the dam to reduce secpage.

WORDS

n dam, Weathcred rock seams, Scttlement, Sliding, Shear friction factor, Concrete shear keys, Seepage.

‘ODUCTION
~ ~ ~ ~ 2 v
00m high and 903m long masonry-cum-concrete gravity 7/0,'\(““:.“‘ e ~ v
dam has been constructed across the narrow gorge of e v M Fooan 7y
jan River, a tributary of Narmada River in the year 1986 v v
inly irrigation (Fig. 1). Detail surface arid sub-surface q::?—:.u‘%" "t -
gical investigations have been carried out in the area My
Jes rock mechanics studies. A number of sub-horizontally ~ v\, vy
osed weathered rock seams were detected and precisely ~ s Rt
reated during construction stage investigations by 69 bore -~ v o ¥ 0s v

s aggregating to 1100m length. Geotechnical problems

ating from the presence of these seams in the foundation ;o

tire dam needed careful assessment and evaluation of the Fig.1 Location plan of Karjan Dam
dation rocks for providing adequate remedial measures.

towards the base becoming amygdular or tuffaceous at the top.

. These flows are exposed on the abutments. In the river section,

BLOGY OF THE DAM SITE “Pahochoe” type basalt characterised by wrinkled (ropy) and

vesicular top, and pipe amygdules at the base is exposed.

Persistent sets of joints, shears and faults in the area trend in

N-S to NNE-SSW and also in NW-SE directions (Prakash,
1990).

» area is occupied by “Aa™ and “Pahochoe” type of the
'can basalt flows of Cretaceous-Eocene age. The"Aa” flows
characterised by fine grained or porphyritic dense basalt




characteristic feature in this area is the presence of
:athered rock seams at 4 to*10m intervals, developed along
.erfaces of ﬂows and sub-honzontal joints (Fig. 2 ).
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"ig. 2 Longitudinal geological section of part of the dam
howing disposition of weathered rock seams.

{ATURE OF WEATHERED ROCK SEAMS

‘he weathered rock seams consist of a zone of highly to
ompletely weathered basalt varying in thickness from lcm
0 2m, developed along flow contacts and also along
ub-horizontal open joints due to percolation of seepage water.
‘he presence of slickensided surface and gougey material,
hd displacement of the vertical shear zones along seams
learly indicated shearing and lateral movement resulting in
e formation of potential weak planes for sliding.

n-situ shear tests oonducted on the seams mdxcated the value
f angle of internal fncu(m “tb” : 22° to 26° and the value of
ohesion “C*"=0. /3

VoI

GEOTECHNICAL PROBLEMS DUE TO WEATHERED
ROCK SEAMS: AND THEIRi'REMEDIAL MEASURES
The weathered rock seafns poscd the problem of settlement,
sliding and seepage. Treatment of these weak features
depended on the thickness,’ 'properties of seam material, strike
and dip of the seams and their preclsc disposition below the
foundations. gt

i
S oAt

s

‘Weathered seams in general are of pinching and swelling
nature, and wavy disposition posing no serious problem of
:setilement/differential settlement of dam blocks except in the
foundation of left non-overflow block-L.3 where minimum
thickness of the seam was 0.5m and maximum 2m and rock
cover was also less than Sm (Fig. 2). Part foundation of the
block near block-L3/1L4 joint was free from the seam (Mehta
and Prakash, 1990). On engineering analyses and judgement
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except consolidation grouting no-.other treatment was
considered necessary and this 60m high block has not shown
any distress even after ten years of complehon of the dam.

Slidi

‘Weathered rock seams occurring in the foundations of dam
blocks have low shedr parameters (“C” = 0, “¢” = 22° to 26°).
These seams were considered as potential planes for sliding
(Prakash, 1990). Based on the stability analyses concrete shear
keys were provided in the foundation of all spillway blocks
and in the foundations of right non-overflow blocks R1-A,
R1-B and R2 besides other following remedial measures
considered/provided to achieve required shear friction factor :

Curvature in_the alignment of the dam, A mild upstream
curvature in the alignment of the dam was initially considered
for mobilising greater resistance against sliding. On the basis
of geological analyses abutment rocks were not found suitable
for arch action as they are dissected by steeply dipping shears,
joints and faults aligned almost parallel to the probable
direction of thrust in case of curved axis. These abutment
rocks are also traversed by sub-horizontal weathered rock
seams ( Fig. 3 ).

ROSE DIAGRAM OF
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T~ DIRECTION OF RECULY!N'T THRUST IN CAST OF CURVED DAM AXIS

Fig. 3 Critical geological abutment conditions.

Change in the design of dam blocks, The spillway section
was provided with a flatter upstream batter of 1:2 below
EL75m instead of the original 1:15 below EL85.70m to
increase the stability against sliding of blocks by taking
advantage of additional weight of concrete and water on
the upstream face.

Provision of concrete shear keys. Remedial measures like
flattening of the upstream batter, roughening of the foandation
base for greater friction, combining two or more blocks




!
ogether in the stabilityy a?nalysxs did improve the factors of
afety against sliding but they were not adequate to yield the
equired minimum values'of the sliding factor or the shear
riction factor (Parmar and Vyas, 1983). Therefore, open or
mderground concrete shear keys (plugs) were provided in all
he spiliway blocks and a"ls‘o 'in three right non-overflow blocks
lepending on the vanous stages of construction to achieve
equired sliding factor (Fl = 15) and shear friction factor
F2 =13.0).

I(, t

reatment to shallow seams overlain by 3 to Sm good basalt
ock cover was provided by excavating trenches and back
filling them with concrete. For the deeper seams and where
lhe blocks were already partly constructed, drifts were
excavated from the approaches through shafts located in the
apron area and back filled with concrete without affecting
normal concreting work (Fig. 4).

!
1224 ras CONCRETE
- | \\ Vv ] aagaLr |
WEATHERED ROCK
H SEAMS(NOT TOSCALE)
%0 I
1
F l
x !
3 ¥
bt PINAL FOURDATION
I f PROFILE
50+
i SNAFT
)
A0y a
= ]
DISTANCE (m) DRIPT {CONCRETE SHEAR KEY)
secnon«l an |
DL 2 RTNE L & [y L]
PR R 548 5
?—.—.v...v vi v ‘:‘ v :L-J‘v'/“‘/";."’,";‘t;;}’ ’-;,93
! HeR 2t Gr v e 2e
Vv e B
PLAN we

y ot i

Fig. 4 Typical section and plan of spillway block showing
Joundation treatment of weathered rock seams.
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&sﬂmﬁmmm_qrmwm Basalt rocks
in the downstream of spillway blocks are underlain by
weathered rock seams and -are blocky in nature, dissected by
joints, shears and faults. Based on the geological evaluation of
_the rock mass and model smdxes of various alternative choices,
a sloping apron—cum-sullmg basin type of the energy
dissipator was provided to check retrogression along weak
geological features and to increase the passive resistance in
the downstream by protecting downstream rock from the
scouring. Deepest anticipated scour level in case of roller
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bucket, ski-jump and stilling basin was at EL12m, 14m and
33m, respectively. So far, no problem of scouring has been
observed in the downstream area,

SEEPAGE
FA

Conspicuous seepage was obscrved through weathered rock
seams during the excavation of shafts and drifts in the
foundations of spiliway blocks ( Mehta and Prakash, 1990 ).
Nearly all the drill holes during pre-construction stage
investigations recorded high permeability (upto 75 Lugeons).
To reduce the permeability of rock foundation initial curtain
grouting was done in four stages with §, 10, 15 and 20 kg/
cm?® pressures, gradually increasing with depth when the
reservoir level was at minimum. Depth of curtain grouting in
spillway section varies from 42 to 60m. It was observed in
five spillway blocks that post grouting seepage was more than
100 litres/minute. It clearly indicated ineffectiveness of initial
curtain grouting. Therefore, to reduce the seepage additional
curtain grouting was done with uniform high pressure of 20
kg/em?, after filling of the reservoir upto EL78m, to seal
remaining gaps/permeable windows in the grout curtain.
Seepage has reduced in general by about 70 to 90% after
providing additional curtain grouting (Fig. 5).
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Fig. 5 Pre- and post-additional curtain grouting seepage
observed through foundation drainage.holes in spillway blocks.

CONCLUSION

Weathered rock seams occurring in the foundation of Karjan
dam have posed mainly problems of sliding and seepage.
Experience bas shown that even untreated thick ( 2m ),
moderate to highly weathered rock seam overlain by shallow
jointed basalt rock cover ( 3 to Sm ) has not caused any
foundation scttlement problem probably due to its confined
condition and slow loading/construction of the dam.




Analyses of weathered rock scams have shown that they are
potential planes for sliding. Concrete shear keys were provided
to act against sliding wherever the required shear friction factor
was not available, especially in the spillway blocks. Flattening
of the upstream batier of spillway blocks has also been
done to increase the sliding stability. Stilling basin type of
energy dissipator arrangement has been provided to increase
the ‘passive resistance against sliding and also to prevent
reuogmssion along weak features.

Conspicuous seepage was observed through weathered rock
seams during excavation of the foundation and even after
initial curtain grouting as such type of features are pathways
for ground water movement. Therefore, additional curtain
grouting with uniform high pressure has been done to
effectively grout the seams and to scal remaining
permeable windows in the grout curtain, Now, scepage
has reduced appreciably.
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ABSTRACT

Experience in seismotectonic investigations for the evaluation of
design earthquake for major engineering structures has indicatea that due
to lack of detailed and sufficient geologle, tectonic and seismological
data, certain conservative assumptions are made. for determining the seisw
mic coefficient for the structure, 1In view of the safety and economy of
the project, reallstic value of the seismic coefficlent has to be ascer-
tained well in advance by a multidesciplinary approach.

A few examples from the projects located in north-western Himalaya
and Peninsular India (Narmada-Tapi Rift Zone) have been cited to stress
upon the need for detailed seismotectonic investigations,

ABSTRAIT

) L’expé;ience en investigations séismotectoniques afin a*évaluer les
probabilitfs de séismes quand il.s'agit de faire le plan d'une structure
majeure, & révelé que l'insuffisance en donnees géologiqpes, tectoniques
et sdismoloriques conduit 3 un manque de précision dans la dtermination
du coéfficient séismique de la structure en question. Pour que le projet
soit dconomique et réponde aux normes de sécurite, la valeur réelle du
coéfficient séismique doit &tre falculée bien avant de commencer la
construction, et cela par une démarche multidisciplinaire,

Nous citons quelques exemple de projets situes dons 1' Inde péninsu-
laire (Zone de faille de la Narmada-Tapi) et dans 1' Himalaya afin de
souligner le besoin d'investigations séismotectoniques détaillées,
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Introduction

During the last three decades
there has been many fold increase
in the construction of medium and

major projects both in the Himalaya
and in the Peninsular India, One
of the most important inputs during
the planning and designing of the
project is the knowledge about the
geology and seismotectonic history
of the area for adopting a sultable
design earthquake.

On the basis of the past ear-
thequake history the country has
been divided into five seismic

zones and this forms a useful guide
in adopting seismic coefficients
for civil engineering structures
(IS 1893 ; 1975)., With the nece=-
ssity of safe and economic planning
of the large dams and nuclear
Power Plants, precise geoseismologe
ical studies of the area are essen-
tial in order to incorporate a

&
6%

72° - 718’ 80"

suitable seismic factor in the des-
ign of the structures,

In the last decade efforts
have been made to systematise
geoseismological studies in the
country as indicated by the case
histories of a few selected proje-

LEGEND
Thrust4e> Narmoda-Tapi Linesment — e —

Seismic Zones.....I I Il I¥ Y
Beas ( Pong) Dam.....4 Bhakra Dom...2

Yamuna Hydel Project..3 Narmada Dam..4

Kakropar Site....5

i

ot located in the Himalaya and

Peninsular India (Fig. 1). #ig.1s Plan showing location of

!
1

Projects in the Himalaya |

A nurber of dams have been
constructed in the terminal gorge
of the outer Himaslaya. This region
is folded, faulted and thrusted
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during the Tertiary era and there
are evidences that the earth move-
ments are continuing till the
Recent., The continental boundari-
es of the Indian plate are defined
by the Kirthar and Sulaiman ranges
in the west and north-west, the
Himalayan ranges in the north and
north-east and Burmese arc in the
east (Pal 1972). Himalayan belt
is a compression yone with a reco-
rd of high seismic activity (Fig.2)
A number of earthquakes have been
recorded and the expected maximum
magnitude of the earthquake in the
region is as high as 8 on Richter
Scale, the maximum Intensity is

X or more on M,M, Scale and the
peak ground acceleration around 50
percent of gravity (Kaila and Rao
1979).
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¥ig.2: Tndex map of Indian sub-
continent,

Yamuna Hydel Project

A 55 m high concrete dam
across the river Tons and 6,2 km
long % m diameter tunnel with an
underground power house has been
constructed under phase I of the
Project. Phase II of the Project
comprises 5.9 km long tunnel with
a surface power house, Slates,
quartzites and limestones of Jaun—
sar Group (Silurian . Devonian age)
are folded into syncline and thru-
st over the Dagshai-Subathu rocks
of Bocene to Lower Miocene age
(Krol thrust} which in turn are
thrust over the Nahan rocks of
middle Miocene age (Nahan thrust).
Investigations indicated that
there have been subsequent move-
ments along the thrusts when the
Tertiary rocks were thrust over
the sub-Recent deposits, Carbon
dating of the material associated
with the sub=-Recent faults have
indicated that these movements
might have occurred some 36 000 -
38 000 vears ago (Jalote and
Jalote 1981),

The second tunnel for the
Yamunia Hydel Project would cross
the Krol and the Nahan thrusts,
active faults and the highly
crushed and brecciated intrathrust
zone with high mountain pressures,
The project area lies in Zone IV
of the seismic zoning mep of India
(Is 1893 ; 1975) and within isso-
seismal VII to VIII on Rossi {S0w-
el scale of the Kangra earthquake
of 1905 losated about 200 km
north-west of the project area,
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Based on this data, a seismic coe-
‘fficient of 0.1g has been provided

in the design of the structures (Ja-

lote et &l 1975).
el passing thr-ugh the squeezing

The second tunn-

ground and the active faults has
been trifurcated with reduction in
the diameter of the tunnels, pProvi-
sion of flexible lining and steel
sﬁpports.

Bhakra dam project

The 225.,6 m high straight
gravity concrete dam is located in
narrow terminal gorge of the river
Sutlej to store 1973,56 million
cubic metres of water. The Project
was commissioned in the year 1563,
The foundation rocks comprise steew
ply dipping Tertiary sandstones and
shales which have been intersected
by transverse and bedding faults
and shear zones, Two regional thr-
usts lie in the reservoir area,
During the Xangra earthquake of
1905, which originated about 80 km
north-vest of the Bhakra dam site,
the area fell within isoseismal
VIII on Rossi Forrel scale, The
site lies within zone IV of the
seismic zoning map of the country
and a seismic factor of 0.,15g has
been taken in the design of the
structure (Palta, 1979).

Beas (Pong) dam project

A 132,6 m high earth dam acro.
sg the river Beas is8 located in the
Himalayan foothills, The bedrock
units at the dam site, folded into

minor anticlnes, and synclines cone

sist of sandrock and clay shale
of the Pinjor formation of the
Upper Siwaliks (Pliocene), At
pleces there are evidences that
the rocks of the Pinjor formation
have been thrust over the Boulder
conglomerate ofLerr Pleistocene
age along the Satlitta thrust, The
thrust is located 2,7 km downstree
am of the dam axis and with an
upstream dip of 30° 1lies 1.5 km
below the dam foundation. Three
periods of subsequent movements
have been noted along this thrust
during the Middle Pleistocene, Late
Paleistocene and Recent times
(Jalote and Tikku 1975) when the
Upper Siwaliks were thrust over
the Recent to sub-Recent deposits
at places,

The area has experienced seve
eral earthquakes of magnitude gfea-
ter than 5 on Richter scale, The
Kangra earthquake of 1905 located
about 60 km north east of the dam
site was the severest earthquake of
magnitude 8 on the Richter scale,
The project area fell within iso=-
seismal VII and VIII of the Kange
fhe ground displae
cements were not recorded along the
trace of the thrust, Perilodic geo
detic survey and high precision
levelling is being carried out
to know the poss#bility of present
activity along the thrust, Based
on the blast test results, 0,12qg

ra earthquake,

was adopted as a seismic co~effic-

ient in the design of the earth
dam and 0,15g to 0.20g for concre-

te structures (Jalote and Tikku
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Op. cit).
Projects in Peninsular India

The Peninsular shield is come
paratively a stable region and no
mountain building activity has be-
en noticed since the Pre-cambrian
time., Nevertheless the movement
of the Indian Plate towards north
has resulted in the formstion of
deep seated lineaments. The Narme
ada-Son, lineament is the most sig-
nificant fault which has divided
the Indian Plate into two main
tectonic blocks, These have been
further sub-divided into rifte and
grabens with central massif {(Iyen-
gar, 1977). Investigations indic-
ate that the margins of the Penin-
sular India have shown sub=Recent
movements (Kailasam 1979). The
studies by Kaila and Rz20(1979)show
that the West Coast is a zone of
moderately high seismicity, the
East Coast of slightly high seism-
icity and that Bilaspur-Hyderebad
is a zone of low seismic ihtensity
The Bundelkhand-Ajmer zone has not
shown any selsmic activity. Koyna
earthquake of 6,5 (1979) and a
number of other earthquskes have
been recorded in the margin of she
ield area though these are generaw
11y of moderate magnitude and fre-
quency. With this background it
has now been realised thaé detail..
ed geoseismological investigations
should also be carried ocut for the
projects located in Peninsular
India.

VIII.

Narmada Project

A& 138 m high concrete dam is
under construction across the
Narmada river near Navagam, This
is one of the well investigated
projects in the country due to its
magnitude and close proximity to
the Narmada-Son lineament which is
congidered to be active,
baselts of Cretaceous-Eocene age

Deccan

overlying the infratrappean sedime
entaries form the foundationsof the
dam, A fault along the river cha-
nnel intersects the dam axis near
the right bank. A number .of other
faults have also been mapped in
the area,

The dam site lies in the
Narmada=Tapl rift zone trending
in E«W o ENE-WSW direction, Neote
ectonic movements in the area have
been recorded recently (Srinivasan
et al 1981), Narmada dam has been
considered to lie in a "mobile™
belt of ebout 20 km width bounded
by ENE-UWSW trending fault towards
north and Piplod fault towards
south (Project Report 1981). The
maximum magnitude of the earthquake
felt in this zone is 6,5 (Narmada
earthquake 1846). The Project area
falls in the zone III of the seismic
zoning map (IS 1893 -~ 1975}, Micro-
earthquake studies in the area show
evidences of sub-zerc and very low
magnitude micro-earthquake activity
with very shallow depth of focii
{upto 5 km) and epicentres randome
lv distributed around the dam site,

The design horizontal seismic
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coefficient as worked out by appl-
ving various techniques varied bet-
ween 0,08g and 0,11g and an avera-
ge value of 0.1g was recommended,
Statistical studies considering the
earthquake data of the last 300
vears have indicated that Jduring
the 1life time of dam, taken as 100
years, the earthquake which may oc-
cur would have maximum magnitude of 5.8
{CWPRS 1979). Recent investigations by
the Roorkee School of Research and
Training in Earthguake Engineering, Roor-
kee have recammended an earthquake of mag-
nitude 6.5 assumed to be associated with
~ the Piplod fault located at a dist
ance of about 12 km from the site
and depth of focus 18 km (Project
Report 1982), However, it has not
been possible to establish active
status of the Piplod fault? Based
on the Koyna earthquake (1967) re.
cord, the deterministic aprroach
gives a peak ground accelaration

of 0,16g (Project Report 1681),
However, it may be mentioned that

the Koyna earthquake lies in a
different seismotectonic province
and it is more than 300 km away

from the dam site.
Kakrapar Nuclear Power Plant

An attempt was made to systew
matically work out the design basis
earthquake for the proposed nuclear
power plant near Kakrapar in Gujarat
An area within a radius of 300 km
around the site was scanned on the
landsat imageries on 111000, 000
scale and available large scale

aerial photographs to study the
regional geological and tectonic
features of the area (Mehta 1981).
The available data on the past
earthquakes was collected to build
up a seismotectonic frame-work of
the area. On the basis of the
studies the afea can be divided in.
to six distinct seismotectonic pro-
vinces (Fig.3). The Kakrapar site
lies at the triple junction of the
Narmada-Tepi, West Coast and Goda-
vari seismotectonic provinces. But
the more dominant lineaments in
the area are in ENE-WSW direction
parallel to Narmada-Tapi lineament.
The severest historlcal earthquake
of magnitude 6,5 on Richter scale
is located in this province at a
distance of about 160 ¥m from the
site,

In order to determine peak
ground acceleration at the site,
with the seismotectonic approach
the following factors were borne in
mind (IAEA 1979).

1. Where the earthquaye of greate
est magnitude or intensity has been
correlated with a fault or thrust
in the same seismo=-tectonic provi-
nce in which the site is located,
it is assumed that the eplcentre
lies on the lineament closest to

the site,

2. Wwhere the greatest magnitude
earthquake lies in the same seise
motectonic province as the site but
cannot be correlated with a tecto=
nic structure, it is assumed to lie
at the site for the purpose of
sejsmic computations.
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3. Where the epicentre of the
greatest magnitude earthquake cane

not be associated with any of the
tectonic structureg and they do
not lie in the same selsmotectonic
provinceﬁthe accelaration at the
site is determined assuming that
the epicentre of the earthquake is
at closest point to the site on
the boundary of tectonic province,

There are a number of faults
sympathetic to the Narmada Tapi
and West Coast lineaments but in
the absence of sufficlient geologi-
cal and microseismic data, 1t was
not possible to precisely indicate
the fault which has been responsibx
ie for the highest magnitude eart.
hiquake in the area, There are evi-
dences of neotectonic activity in
the area to show that the Narmada
and Tapi lineaments, bounding the
Narmada-Tapi seismotectonic provi-
nce are active and a few earthquakes
might have been associated with
crustal adjustment along the Tapi
lineament, Thus for computation

of the peak ground acceleration, an

earthquake of magnitude 6,5 with
depth of focus assumed as 30 km
and associated with the Tapl fault

located at a distance of 30 km
from the site has been suggested.

Conclusions

In this paper an attempt has
been made to briefly review the
seismicity of north-western Hima-
laya and the Peninsular shield
areas with special reference to
the design seismic coefficient

adopted for the civil engineering
structures, based on the geological
and seismological studies of these
regions.

Himalayan region is a zone of
highest seismic activity in India.

several earthquakes have been reco-
rded all along the Himalayan belt
extending from Kashmir in the north-
west to Assam in the north-estern
part of India., The maximum earthe
yuake magnitude recorded is as 8 on
Richter scale, Recent to sub-Rec-
ent movements along the major thru-~
sts and faults have also been rec-
orded, Thus the projects located
in the Himalaya have greater risk
requiring comprehensive geoieimolo-
gical studies. the sele-
ction of design seismic coefficient
for projects located in the Himala-
ya are mostly guided by the past
seismic history of the area as reve
ealed by a few case histories of
the projects cited in the paper,

However,

FPor a long time the Indian
Peninsular shield area was conside-
red to be tectonically and seismice-
ally stable, But after the Broeach
(Gujarat) earthquake of 1970, Koyna
(Maharashtra) earthquake of 1967 and
the Kothagudem (Andhra Pradesh) ear-
thquake of 1969,
ised that the marginal areas of the
Indian shield are tectonically act-
ive like other shields of the world,
There are also evidences df Recent

it has been reale

to sub-Recent activity in the Nar-
mada-~-Tapi, Godavari and Gondwana

basins of negative gravity anmomaly
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with central aseismic zone, The
magnitude and frequency of the ea-
rthquakes in these areas are lower
than the Himalaya., At the Narmada
and the Kakrapar project sites
located in the Warmada-Tapi rift
zone, detailed geoseismological

a

studies have been carriad out to
determine the design earthquake,
But still there is scope for more
field studies to understand the
geclogical and tectonic history

of the area. Further, geological

data i3 required to be collected
to delineate precisely active

faults, their dispositikon, length
and order of displacement. It is
also important to determine the
relationship of the earthquake with

faults with greater certainty. In

the absence of <this information
the design earthquakes may have +to

be based on assumptions,

There are certain constraints
in carrying out systematic geosei-
smdlogical studies particulary in
the inacessible- and difficult
Himalayan terrain. According to
the modern concepts an area in a
radius of 300 km around the site
should be studied in detall for
seismotectonic evaluation, This
is a large area and unless studies
are initiated well in advance by
a multidesciplinary team of geolo-
glists, seismologists and geophysy-
sicists, the exact picture may not
emerge during the designing stage
of the project, In recent years

efforts have been made in this
direction but still more studies
are required to be carried out for
each major construction site in
the light of the state-of-art
existing today,
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38 GEOMECHANICAL PROPERTIES OF THE FOUNDATION ROCKS......

22 km from each other on the Deccan Basalt in the Narmada valiey (Fig.1).
The Narmada dam which is in construction stage is a 162 m high and
1270 m long concrete dam. The Karjan dam which has already been
completed, is a 100 m high and 803 m long mesonary concrete dam on
Narmada’s tributary Katjan. In tnis paper an attempt has been made to
collate and evaluate tne gaomechanical data of the foundations of these
two major dams,

GEOLOGY OF THE AREA

The area at and around the Narmada and Karjan dams is occupied by the
Deccan Basalt flows of Cretaceous-Eocene age which unconiormably
overlie the sedimentaly rocks of Bagh Beds. The stiatigraphic sequence
in this area is as below.

Age Formation Dascription
Upper Cretaceous Deccan (Basalt) Basalt flows with dykes and
to Eocens. Trap. sills of delerite & basalt.
Upper Cretaceous Bagh Bods Sundstone, Shale and lime-

stone.

‘Pahoehoe’ and ‘Aa’ type of flows are exposed in the Narmada valley. The
‘Pahoehoe’ flows are having relatively thin units of about 3 to 5 m thick-
ness. Three sub-units in the following order can be recognised from
bottom to top.

(a) The basal part of the unit contains vertical pipe vesicles with secondary
minerals,

(b) Middle part consists of dense hard rock.

(c) Top section has sphefrical vesicles filled with secondary minerals. Ropy
structures are well developed at places. Top surface is generally
woathered.

A typical ‘Aa’ flow of ‘Hawaii* typu is tripartite with a basal clinkery zone,
thick and massive middle part exhibiting columnar joints, and upper clin-
kery fragmented zone. In this areathe basal zone is almost absent and
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GEOMECHANICAL PROPERTIES OF THE FOUNDATION ROCKS
AT SARDAR SAROVAR (NARMADA) AND KARJAN DAMS,
GUJARAT,

Ry

indra Prokash*

ABSTRACT

The Narmada ahd Karjan dam sites aro occupiod by Dascan Yraps. The older sedimontarics
havo boen bLrought In juxtaposition with the basait by s serlos of faults in ths viclaity
of the Narmada dam site. Tho basalt, its varients and litho-units of tha sedimantariss
have diffarent geomechanical rosponse characteristics,  the geological and geomechanical
properties of the individual lithounits and rock mass essential for designing tha structure
and providing the remadial monsuras at tha Narmaidy and Karjw Damiy hwo boasn
evalyated ’

INTRODUCTION

The Deccan Basalt comprising multiple sub-horizontal Hlows of a few to
70 m thickness occupy a vast area of western part of India. Proper under-
standing of the properties of the rock material and of the rock mass are
considered necessary for evaluation of an engineering project. The possible
effects of loads on foundations depend on the physical properties of the
rocks and the associated weak zones and structuial featwes. In designing
a dam, itis required to quantitatively evaluate the geological conditions
and the physical and mechanical properties of rocks forming the foundation
which affect the stability of the dam. These properties of the foundation
rocks can be obtained by various Iaborato;y and field tests.

Extensive geological and rock mechanics studies have been carried out
at the Sa{dar Sarovar {Narmada) dam and Katjan dam sites located about
1

*Geologist, Engineering Geology Division, G. S 1., Western Region, Jalpur.
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Figure 9. Geological section of exit tunnel-1

1 (l .o

Cracks in the beli:mouth sections of the oulet portals
of exit tunnels have been observed in the structural
concrete while the excavation of the tail race channel
was in progress (June; 1997). These are of en echelon
pattern and not following any geological features.
Designing of additional supports to strengthen bell
mouth secuons of the tunnels i§ in progress.

N
i

9 CONCLUSIONS

Geotechnical problems of sliding, settlement and
seepage related to geological features in the dam
foundations were anticipated during construction stage
investigations. Experience has shown that problem like
scouring of foundations during successive floods
could have been avoided if proper construction
sequence had been followed at site.

Critical examination and evaluation of the rock mass
during construction stage geotechnical investigations
of the underground structures have helped in timely
reviewing supports system from stability
consideration. Therefore, construction stage
geotechnical investigations are essential for taking
remedial measures in time for the safety and stability
of structures.
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8.6 Reasons for the develnpment of cracks in the
machine hall and remedial measures

Cracks developed in the pressure shafts and bus galleries
are aligned parallel to the longer axis of the machine
hall. These cracks are not following geological
discontinuities (Fig.8). Sub-horizontal to low dipping
cracks developed in the downstream wall in en echelon
pattern and sub-horizontal cracks in the upstream wall
are parallel to the ‘excavated profile of the existing ramp.
ks'observed near the major shear zones
are’ . due to modification of stresses
around these <weak features as also observed in the
3-D Finite' Elemem Analysis (FEM) carried out
by National Instmpte of Rock Mechanics. Symmetry
of pattern of: cf‘a,,cksa parallel to the longer axis of
the cavern in'th e;pressure shafls and bus galleries
suggest that these cracks are developed due to tensile
stresses’ actmg ox,x madequately supported rock mass.
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Figure 8. Rose diagram of discontinuities.

Additional supports have been installed in the machine
hall in the area affected by cracks. The remedial
support in the upstream wall consisted of 10.5 to
32m long 80 tonnes capacity cables, tensioned to
50 tonnes and then fully grouted. In addition 12mJong,
32mm dia, rock bolts, tensioned to 20 tonnes, were
installed at various locations. In the downstream wall,
a large number of 12m long 32mm dia, rock bolts,
tensioned to 20 tonnes before grouting, were
installed in addition, a number of 25m long 50 tonne
capacity cables were also installed. These cables were
tensioned to 5-tonnes before grouting.

Continuityjof ‘glass:plates breaking in the machine
hall and slxght -déformation observed by the instruments
suggests“thatithe rock mass has not yet stabilised,
despnte mstallanon of longer anchors/ cables/ tendons
in the upstreamxand downstream walls in the area

affected by cracks. Designing of additional supports to
strengthen both the walls is in progress

8.7 Access Tunnel

The D-shaped 8.5m wide and 9m high access tunnel
passes through basalt and agglomerate for a length of ~
230 m and dolerite dyke / sill in the remaining length,
The initial support system comprised 25mm dia, 6m
long pattern rock bolts at 1.75m c/c with two layers of
38 mm thick shotcrete with wire mesh in between
Problems due to shear zones, fault and water seepage
were encountered during the tunneling operations Flat
roof caused by overbreaks along sub-horizontal shears
in the initial 230m length necessitated installation of
additional rock bolts. Therefore, spacing of the rock
bolts in the crown has been reduced from 1 75m o/c to
0 75m c/c in this reach. Additional drainage has been
provided in the water seepage area to guide and drain
out water into the drain weli. In the tunnel section
traversed by Akkalbar fault (8 to: 10m wide) steel ribs
were installed

Part of the tunnel section had to be excavated below
57m high Rock fill dam with a water storage of 30m
depth. Rock cover over the tunnel in the SOm length
varied from 10m to 17m. Excavation in this part was
done by smooth blasting techniques (Peak particle
velocity was limited to 6.25mm/sec). Steel ribs were
also installed in this low rock cover reach.

8.8 Draft Tube Tunnels

Major part of the tunnels (10m dia.) are passing
through dolerite sill. Roof falls have occurred in the
draft tube tunnel- 2 & 3 in the 1eaches occupied by
sub-horizontal shears and slaked rock zones.
Overbreaks of the order of 4.5m in height have been
observed in these reaches even after the installation
of rock bolt supports. Therefore, rib supports have
been installed in all the tunnels after the collapses
instead of initial designed rock bolt supports.

8 9 Exif tunnels

Horse shoe shaped exit tunnels (E T.) of 12.5m dia,
are passing through basalt, agglomerate, dolente dyke
and sill. The Akkalbar fault runs parallel and close to
the alignment of the E T.-1 for about 222m length
Joints sympathetic to the fault are observed in this
tunnel. Intersection of three sets of chlorite coated
joints in dolerite rock, form removable/detachable
blocks of size varying from 1m?® to 6m’ resulting in
block falls at places. Cotlapses in part of the tunnel
sections traversed by chlorite coated joints and slaked
rock zones have occured despite installation of design
rock bolt supports (Fig.9) Therefore, rib supports
have been installed in ali the tunnels at critical
locations (Prakash & Sanganeria 1993)
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Figure 5. Geological map of part of machine hall.

of their orientation and thus they are not creating
any problem of wedging (Fig. 5).

Major part of the remaining excavation in the
downstream is required to be carried out in the
dolerite sill dissected by chlorite coated joints.
Sliding wedge is formed with the intersection of
joints J, and J, having 25° plunge towards S34°E
(i.e towards free face). Similar minor rock wedges
are formed with the intersection of joints J, and low
dipping shears 'X', "Y' and 'Z' (Fig.6). Therefore, it
has been suggested to adequately stitch these
rock wedges during progressive excavation.

Prominent shear zones and joints are striking at an
angle more than 30° to the longer axis of the cavern
and thus ruling out the possibility of plane failure.

8.4 Analysis of Glass Flate Data

Gilass plates have been installed in the downstream wall
and bus galleries to monitor the existing cracks.
Analysis of the data for the period October, 1993 to
February, 1998 show that the activity of glass plate
breaking is intermittantly continuing and is of periodic
nature. The activity.is prominent during the period
October - February of each consecutive year (Fig. 7).
Reasons for enhancément of the activity can be
attributed to either reduction in the strength of the rock
mass after saturation or to the development of
hydrostatic pressure in.the walls or to both.
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8.5 Instrumentation in the machine hall

Multi-position bore hole rod extensometers, Demac
gauges and 3-D crack monitors have been installed
in the pressure shafts, in the downstream wall and
bus galleries by Central Soil and Material Research
Station after the development of the cracks, Majority
of the instruments earlier installed are not working
Analysis of available instruménts data upto December,
1996 revealed that at most of the locations
deformation is unpredictable. Very slight (<2 mm)
deformation has been observed at few locations in
the pressure shafis- 2 & 3, in the downstream wall
(R.D. 1502 to 1525m) and in the bus galleries- 2 & 3.

i
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against the designed intensity of 135 cumecs/m directly
impinging on the concrete floor due to differential height
of the dam blocks (at that time), development of cross
flow conditions due to incomplete divide wall and
development of uplift pressures due to macro-
turbulance along different layers within the concrete
and along concrete and rock contact This scoured pit
has been backfilled with concrete. Designing of the
anchors to hold different layers of concrete and concrete
with foundation rocks is under progress Now, dam
blocks have been raised to uniform height

8 GEOTECHNICAL PROBLEMS OF UNDER
GROUND POWER HOUSE

8.1 Machine Hall

The machine hall (cavern), located in the sub-
horizontally disposed basalt flows intruded by vertical
and inclined dolerite dykes and sill, 1s 210m long,
23m wide and 57m high. Rock cover above the crown
of the machine hall varies from 35 - 60m. Part
excavation of the machine hall is completed from El
(+) 45m to EL (-) 1.9m by heading and benching
method leaving about 8m wide sloping ramp adjacent
to downstream wall No excavation has been done in
the machine hall since September, 1993. The rocks in
and around the,cavernare strong and jointed (average
block size 1in%) and dissected by shears

In situ stresses around the cavern have been
determined by, National Geophysical Research Institute
by hydro fracturing test The major in situ stress is
approximately = 2.5 times the vertical stress and is
parallel to the.longer axis of the cavern. The
intermediate principal stress perpendicular to the cavem
axis is approximately 1 25 times the vertical stress. The
minimum in situ stress is vertical and equal to depth
below the suiface times theunitweight of the rock
The vertical stress is approximately 1.2 MPa and the
horizontal stress acting perpendicular the cavern
axis is approximately 1 5 MPa. The average
compressive strength of rocks surrounding the power
house cavern )ssmore than 60 MPa

During benchung operations sub-horizontal to low
dipping cracks in the shotcrete of the upstream and
downstream walls (between EL 4 and 38m}) and vertical
cracks in the pressure shafts (upto 10m distance) and
bus galleries (upto 17m distance) have been observed.
Except a few cracks on the walls majority of the
cracks are not following geological features, First crack
was noticed in the upstream wall when the bench level
was at El. 14m at R.D. 1569m (Prakash & Sanganeria
1993) With progressive excavation in the machine hall
down to El (<) 1.9m, a number of cracks have been
observed on both the walls. Widening of the existing
cracks was also observed. No new cracks or widening
of the existing cracks has been observed since the stop
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of the excavation (September, 1993) in the machine
hall. However, breaking of the glass plates installed to
monitor the cracks is continuing.

8 2 Design Supports

Roof supports include tensioned rock bolts of 25mm
dia, 6m long and 1.75m center to centre (c/c) pre-
tensioned to 14 tonne load and two layers of 38mm
thick shotcrete with wire mesh in between Wall
supports include tensioned rock bolits of 25mm dia,
6m long and 2 5m c/c and two layers of 38nun thick
shotcrete with wire mesh in between In the mddle
third height of the wall (El 13 to 33m), additional rock
bolts of 7.5m length are added to make the overall
spacing of 1 52m c/c. These supports were designed
by Central Water Commission by adopting Barton's
and Bieniawski's rock mass classification,

The excavation has been done by NATM to utilise
the rock itself as principal structural material Analysis
of the design supports show that length of the rock
bolt designed for roof is adequate while that for the
walls is inadequate. The wall rock bolt length from the
various empirical approaches has been estimated to be
at least 10m against 6 to 7m long rock bolts installed in
the machine hall (Goel & Jethwa 1992) For 58m hugh
cavern 11im long rock bolts or 20m long cables are
required (Fig 4).
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Figure 4 Plots of rock bolt and cable lengths for side
wall and a(c':h_(roof) supports in various underground
hydroelectric projects (Hoek 1995)

8 3 Wedge and plane failure analysis of the
discontinuities

Shear zones ‘A’ and 'B' traversing the machine hall
are forming stable wedge in the upstream wall as the
plunge of the intersection of these shear zones is about
22° towards northeast (i e inside upstream wall) In
the downstream wall these shears are diverging by virtue



faults have been provided dental treatment varying in
depth from 1.5 to 2.0m depending on the width of the
fault zone,

6.5 Weathered rock

During foundation preparation, in general weathered
rock has been removed from the foundation area.
However, in some of the blocks (3, 15, 16 and 57)
where depth of weathering was more than 5m, it was
decided to retain and treat weathered rock mass.
Reinforced concrete mat in single or two layers was
provided depending on the nature of weathering and
foundation topography to prevent differential settlement
(Mehta & Prakash 1990).

6.6 Limestone

The limestone is occuring in the foundation of right
bank spillway blocks 44 to 50 at about 40m depth.
Thickness of limestone varies from 30 to 60m. It is of
siliceous nature (average Si0, 20%). On the surface,
it has been brought by Mokhadi fault at about 500m
upstream. During exploratory drilling poor core
recovery, high permeability and heavy watet losses have
been observed at few locations in depth, Therefore,
tracer studies were conducted to know the nature of
limestone. Neither cavities nor interconnection between
test holes was established by these studies This suggests
that high permeability observed in few drill holes might
be due to presence of local joint pockets. There is also
possibility that intrusion of basalt and dolerite dykes in
the foundation rocks may act as seepage barrier.
However, depth of curtain grouting has been increased
down to depth of eatire section of limestone on right
barnk to seal local permeable zones.

7 PROBLEM DUE Tb CONSTRUCTION STAGE
FLOODS

The energy dissipation arrangement for 23 gates service
spillway consists of sloping. covm horizontal jump type
stilling basin and for 7 gates auxiliary spillway, split-
level chutes terminating into ski-jump bucket. The
stiliing basin and chutes are separated by about S0m
high divide wall. Extensive damages have been
observed in the foundation of divide wall and stilling
basin during construction stage floods.

7.1 Left divide wail block -28

This wall is locaied between the lower chute and stilling
basin. Major part of the foundation of cladding section
of the wall remained open between the period 1988
and 1996 resulting in the progressive scouring of the
rock face during successive floods. Maximum scouring
of the order of 15m laterally inside has been observed

in the weathered rock area during September, 1994
flood when the flood water level (El. 52m) was above
the foundation level. Final scoured topography of the
foundation is having trapezoidal section with narrow
base and broad top. Longer anchors and reinforced
columns and beams resting on good rocks have been
provided besides additional drainage to stabilise the
wall (Fig 3).
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Figure 3. Typical section of jeft divide wall block-28
showing foundation treatment. '

1.2 Stilling basin bay -1

The foundation of'this bay was completely covered with
structural concrete in June, 1994. Height of the spillway
blocks in bay-1 varied between EL 69 and 87m at that
time. Divide wall between bay-1 and bay-2 was also
partly completed. About 2.5 million cusecs flood
discharge passed over the partly constructed dam
eroding about 35,000m? of structural concrete and
about 64,000m? of underlying rocks in bay-1 in Sept ,
1994. Geology was not responsible for this damage as
neither selective scouring nor seepage was observed
along the geological features in the scoured pit

The energy of the flood water was so high that it
had sheared the anchor, uplifted and rounded concrete
and rocks blocks (upto 360m®) from the stilling basin
area and transported them beyond end sill of the stilling
basin, covering about 300 - 400m distance. Reasons
for the deep scouring can be attributed to the high
concentrated discharge of 230 cumecs/m in the bay-1
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5 GEOTECHNICAL INVESTIGATIONS

The geological and geotechnical investigations for the
selection of Narmada dam site were initiated during
the year 1948. Pre-construction stage investigations for
the present site commenced in the year 1962 and
construction stage investigations started in the year
1978. Detailed construction stage geotechnical
investigations at site include drilling of about 30 running
km cores, excavation of 90cm diameter calyx holes,
shafts, adits, pits and trenches and their logging. Large
scale geological mapping (on 1:100 scale) covering
about 1000,000m?* area for the assessment and
evaluation of rock mass conditions of dam foundations
and underground structures has been done Field testing
of rock mass and laboratory testing of rock cores/
samples have been done (Prakash 1990) Important tests
conducted at site include in situ deformation modulus
tests on fault zone material and surrounding rocks, in
situ shear tests for assessing shear strength of red bole,
sheared contacts of sedimentaries and interfaces of rock
and concrete, tracer studies for determining seepage
losses through sedimentary rocks, blast tests for
estimation of design seismic coefficient, hydrofracture
tests to know the stresses around the underground
power house. Laboratory analysis for deciding depth
of concrete plug for the treatment of fault zone and
3-D stress analysis of rock mass surrounding the
underground structures have also been done

6 GEOTECHNICAL PROBLEMS AND
TREATMENT. OF MAIN DAM

6 1 Sub-horizonial weak layers

A red bole layer on the left bank and sheared contacts
of the sedimentaries and tuff layer on the right bank
posing the foundation problem of sliding stability of
the spillway blocks have been evaluated and treated.

1. Red bole layer: A red bole layer having rolling
dip of the order of 5° to 15° due NE to SE i.e. towards
upstream side was delineated about 10 to 30m below
the foundations of left bank spillway blocks 28 to 42
between EL22 and (-) 10m. Shearing along red bole
layer has been observed In situ shear tests on the red
bole indicated negligible cohesion and value of angle
of internal friction ('a") as 17°. In view of the low shear
parameters treatment to the red bole layer has been
provided by excavating 3m wide drifts in a grid pattern
across weak layer and back filling them with concrete
to act against sliding ot the dam blocks. Similar
treatment to shear (‘'2'=36°) traversing dolerite dyke in
the continuity of red bole layer has also been provided
in the foundation

2. Sheared contacts of sedimentaries : About 10 to
18m below the general foundation levels of spillway
blocks-44 to 51, sedimentary rocks comprising of

argillaceous sandstone, quartzitic sandstone, pebbly
sandsone, shale and limestone underlain by basalt flows
are present, Contacts of the argillaceous sandstone and
quartzitic sandstone are sheared ('g' = 11°). Treatment
provided to the argillaceous sandstone layers was
similar to the red bole. The drifis replacing the lower
and upper drifts are lying one over the other separated
by quartzitic sandstone (Prakash 1990)

3. Tufflayer: A tufflayer varying in thickness froma
few centimetres to 3 metres is present at the contact of
upper argillaceous sandstone and basalt, This layer has
been provided treatment along with the upper
argillaceous sandstone layer by removing it from the
crown portion of the treatment drifts

6.2 Low dipping shears

During the excavation of shafts and drifts for the
treatment of sedimentaries a low dipping shear ('2'=30°)
has been encountered in the overlying basalt in the
foundations of spillway blocks 46 and 47 Based on
the stability analysis treatment to the shear zone has
been provided by constructing open concrete shear keys
in these two blocks

6.3 Main river bed fault

A river bed fault aligned in N80°E-S80°W direction,
dipping 60° towards N10°W is obliquely traversing the
foundations of four spillway blocks 41 to 44 This
fault has brought sedimentaries in juxtaposition with
the basalt at the dam base (Fig 2 a, b, ¢} Width of the
fault zone is about 10 to 12m, Fault is associated with
5 to 15cm thick gougey material Rock mass adjacent
to fault zone is sheared and fractured

In situ test results have indicated low values of
modulus of deformation for the fault zone (0 05 X 10°
kg/cm? ). High values of modulus of deformation has been
obtained for the basalt (0.52 X 10° kg/cm?) and sandstone
(0.38 X 10* kgfem?). In view of the low modulus of
deformation of fault zone and high modulus ratio of the
abutment rocks of varying physico-engineering properties,
problemofdifferential settlement in the foundations of river
bed blocks 41 to 44 was apprehended Based on two
dimensional photo elastic studies depth of fault treatment
plug was initially designed to be 1 5 times width of the
fault zone but the actual treatment was carried out to 2
depth varying from 2.15 to 2.83m times the width depending
on judgement of various geotechnical consultants Depth
of the concrete (reinforced) plug is 34min the upstream
and 26min the downstream (Mehta & Prakash 1990)

6.4 Minor faults

Sympathetic to main fault, seven minor faultsare oblauely
traversing the foundation of dam blocks 4-5, 21-24, 25-
27, 30-34, 45-47, 45-48, 48-55. These local
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zone treatment.

Distinct phases:of post Deccan trap tensional and
compiessional deformations are seen in the SONATA
zone and adjoining region (RaviShanker 1993). Normal
and reverse faults have been observed in the area The
area is at present under compression. Seismotectonic
study in the NSL zone after Jabalpur earthquake
(M 6 0) of May 22, 1997 has shown that it was caused
by a reverse fault mechanism in a compressive regime
due to post collisional northward movement of the
Indian plate (Acharyya et al. 1998). Neotectonic
activities in the lower Narmada valley have already been
reported (Srinivasan et al. 1981).

3 GEOLOGY

The project site is occupied by the Deccan basalt flows
underlain by sedimentary sequence of Bagh beds
(infra trappeans). The sedimentaries and basalt are
profusely intruded mainly by dolerite dykes aligned in
ENE-WSW direction. A river bed fault has brought
the sedimentaries in juxtaposition with basalt at the
dam base (Fig.2). This fault is en echelon type reverse
fault having displacement of the order of 210m with
upthrow side towards north i.e towards right bank.
Contacts of the sedimentaries and some of the basalt
flows are sheared. Basalt flows at the project site are
sub horizontal to low dipping (upto 25°). Dykes in the
foundation area are displaced along low dipping shears/
faults. Dipping of the basalt flows, occusrence of dyke
swarms, displacement of dykes and emergence of the
Bagh beds from underneath the Deccan traps in
juxtaposition with basait suggest post Deccan trap

activities in the area.

4 SEISMICITY

The project lies in a "mobile" belt of about 20 km
width, bounded by ENE-WSW trending fault towards
North and Piplod fault towards South, inthe SONATA
zone, Micro seismic studies in the area show evidences
of sub-zero and very low magnitude micro earthquakes
activity with very shallow depth of foci (upto 5 km)
and epicentres randomly distributed around dam site
{Mehta & Prakash 1982). Evaluation of the seismic
data for the period 1974 to 1996 revealed that there 1s
no perceptible increase in the number of events
before and after the partial impounding (since Feb.,
1994) upto El. 80.3m However, two events of
magnitude (M) greater than 4 i.e. M 4.2 (March, 1994)
and 4.5 (Nov., 1996) are located in the downstream
with epicentres gt 18km and 87km on the southern
bank, respectively. These two events might be part of
the regional seismic activity and not necessarily related
_to the impounding of reservoir as a number of seismic
events have been reported recently in the NSL zone,
The Son-Narmada-Tapti rift zone is considered to be
seismically active (Acharyya et al. 1998).

The project area falls in the zone 111 of the seismic
zoning map of India (IS 1893:1975). The maximum
magnitude of the earthquake felt in this zone is 6 5
Horizontal seismic coefficient adopted for the dam
design is 0.125g. Monitoring of the project site by a
network of eight seismological observatories is being
done by project authorities.
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Geotechnical investigations of Sardar Sarovar (Narmada) Project, India

Indra Prakash & C.SAKAfi ™~
Geological Survey of India, Sector-101A, Gandhinagar (Guj.), India

ABSTRACT * The Narmada project is located on the Deccan basalt in the Son-Narmada-Tapt: (SONATA) 1ift
zone ldentification, delineation and evaluation of the geological features affecting stability of structures have
been done. Based on detailed investigations and analysis, treatment to weak geological features have been
provided in dam foundations Effects of construction stage floods in the foundations of stilling basin and left
divide wall have been analysed Construction of underground structures is being done by adopting New Austrian
Tunneling Method (NATM) Rib supports have been introduced in parts of tunnels and longer rock bolts/ cables/
tendons have been installed in the area affected by cracks in the machine hall afier observing behaviour of the rock
mass during construction stage investigations

RESUME. Le projet Narmada est situé sur le Deccan Basalt dans le rift du Son-Narmada-Tapti (SONATA)
L'identification, la délinéation et I'évaluation des propriétés géologiques affectant la stabilité de la construction
ont été faites. Fondé sur des recherches et des analyses détaillés le traitement des propriéiés géologique faibles a
été fourni lors de la fondation du barrage Les effets de Iinondation causée en cours de construction sur la
fondation du bassin de retenu et le mur mitoyen gauche ont été analysés La construction des structures souterraines
est en cours de réalisation le New Austrian Tunneling Method (NATM) Le support des tendeuts formerets a ete
introduit dans certaines parties des tunnels et des boulons rocheux plus longs/ cibles/ ont été installés dans les
zones affectées par des crevasses dans la salle des machines aprés avoir observé le comportement ae la masse
rocheuse pendant les recherches faites en cours de construction.

1 INTRODUCTION multi-purpose river valley project Constiuction of
129m high (above the average bed level) and 1270m
The Sardar Sarovar (Narmada) Project is being  long concrete gravity dam to imigate 3 4 million hectare
constructed to harness the vast irrigation and  area through a net work of canal system 1s n progress
hydroelectric potential of the Narmada River atterminal ~ Construction of surface power house to genzrate 250
gorge The Narmada project is 2 multi-state and (5 X SO)MW is completed and construction of
underground power house to generate 1200
(6 X 200)MW posver is in progress ldentification and
delineation of geological features aflecting the stability
of surface and underground structures and evaluation
PR R of the foundations and roch mass surrounding  the
D ~ underground structures based on the geomechanical
properties have been done

2 GEOLOGICAL SETTING

v
v B tesniany v vV

f\oiAf b v EIL DECCAN BasALT i isben bouned by s pavalel 1o the Namada.
INFRA-TR APPE AN BEDS & y s P CU

v MIIN PRECAMBRIAN F FAULT Son lineament zone (NSL) ahgned in ENE-WSW

£ directi g 1) Thi s the shueld area of

irection (Fig 1) This zone transects the shield area o

peninsular India into northern and southern blocks It

Figure 1 Location plan of the Dam site has been reactivated several times in the geological past
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Geotechnical Problems of the Underground Excavation in the Deccan Basalts
of Sardar Sarovar (Narmada) Project, Gujarat, India

Indra Prakash and J. S. Sanganeria
Engineering Geology Division, Operations Gujarat, Geological

Survey of India, Gujarat, India

SYNOPSIS The Sardar Sargvar [Narmada)} Project, Gujarat State envisages the construction of an uhderground
poser house (6x200 MW) and its apcillary structures in tne Deccan basalt. The basalt lava flows in the area
sre intruded by dolerite dykes and sills and dissected by fractures, shears and faults. These features have

wedge failures, roof collapses and water seepage during

posed varied geotechnical problems like block falls,
draft tube tunnels and exit tunnels. The adequacy of support

the excavation of machine hall, access tunnel,
system designed on the basis of Barton'’s and Bieniawski's rock mass classification is constantly monitored and
The main power house cavern (210x23x58m) is being entirely supported by rock

reviewed from time to time.
bolts and shotcretes with wiremesh. In the shotcreted upstream and downstream faces of the power house cavern
The rib supports have been

cracks for maximum height of 22 m has bgen cbserved and are under svluation.
introduced in tunnels passing through slagked zones in dolerite dykes and sills traversed by faults and shear

Z0nes.
INTRODUCTION
The Sardar Sarovar {Narmada) Project is a multi- 5
purpose river valley project located in Gujarat (Fig.1). 3
The project envisages construction of 1270 m  long s NARMADA RVER ~—+
and 162 m high concrete gravity dam, 1200 MW under- ¥
ground power house and 240 MW Canal Head Surface H v M
power house, The main power house cavern and ;’ elly PRI 54 52
its ancillary structures including six pressure shafts, 3 T R Y
six draft tube tunnels, an access tunnel and three N SREJEY
exit tunnels are located in the right abutment (Fig.2). 2,9 =Ly
™ -
7;\/ v ';
WARMADA RIVER 1
- ~ 5. .
el [T ooenree
INOA Ll"\ﬁ. BASALT FLOWS ‘—;‘;f» IzyeeET
§ PENSTOCK ACOLLECTION POOL  7.0RAINAGE B CGROUTING GALLERY
Z.MACHINE MALL S £XT YUNREL & ACCESS TUNNEL,
X ORAFT TUBE TUNNEL €. TAN. CHANMEL
o 1y Ao
] FIG 2. Geology and loyout of river bed powerhouse

GEOLOGY

Fig. i-=Locotion pian of Sordor Sorover{ Normooa!

Dom Project.
The project area is occupied by Deccan basalt flows

of Cretaceous-Eocene age
the infra-trappean sedimentary rocks.

which unconformably overlie
Underground

Geotechnical investigations were carried out for asses-
ing the rock mass condition "included geological mapping
core drilling (1530 m length), laboratory and field
testing of rock cores and rockmass. Detailed geologi-
cal investigations by excavating an exploratory drift
at the roof level of the cavern extending beyond,
the full length of power house were started zand comp-
leted in the year 1973-80. This exploratory dirft
was widened later (1983-84) to full width (23 m)
in a length of 165 m and to a depth of 18 m and
instruments were installed to monitor the behaviour
of roof arch. Hydraulic fracturing tests around the
cavern have been conducted in the year 1991 for

evaluation of in~situ stresses,

The main civil works for power house staried in
The geotech-

the vear 1987 and are still in progress.
nical problems encountered during the underground
excavation are discussed in this paper.
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structures of power house are located in the sub-hori-
zontally disposed basalt flows intruded by dolerite
dykes and sills. The Individual lava flows exhibit
compositional as well as textural variation, both later
-ally and vertically and are mainly composed of dense,
porphyritic and amygdular varieties of basalt with
intervening discontinuous layers of agglomerate (Mehta
and Prakash, 1990). Rock mass at depth around machine

hall {cavern) and tunnels is fresh but jointed and
The presence

dissected by shear zones at places.
of chlorite coated joints and calcified veins along
the fractures and shear zones have adversely affected

the strength of otherwise competent rock mass.

PHYSICO-ENGINEERING PROPERTIES OF ROCKS

physico~engineering properties of have

-The rooks



been evaluated on the basis of laboratory and field
tests (Prakash, 1990).The properties of the individual
lithcunits and rock mass adopted in the designing
of the different structures are summarised in Table-1

Tabie~1: Physico-engineering properties of rocks

. Basalt Dolerite
Properties
{A) Intack rock ~
Specific gravity 2.85 2.95
Water absorption 0.7% 0.9%
Uniaxial compressive
strength 11.5 MPa 77.6 MPa
Tensil strength 11.7 MPa 7,7 MPa
{B) Rock mass 3 4
1. ul f (112510 0.22x10° MPa
Yorbing: £h 2807
0.14x107 MPa
2. State of secondary

stress in rock mass
Vertical

Horizontal parallel
to the cavern

i) I.éxldj MPa 1.3)(161 MPa

ii) 4
1.195x104MPa 0.96x10% \p,

Horizontal perpendi-
cular to the cavern

iii) 4
0.90x10 " MPa

Hydro-fracture tests have be&en conducted for determiz
ning pcecise dafa of in-situ stresses after the part
excavation of the cavern. The results show that
the horizontal stresses are 3 times the vertical stres-
ses along the power house cavern and about 1.2 times
the vertical stresses in the direction perpendicular
to the axis of the cavern. The direction of the
maximum principal horizontal stress is North + 5°(Gow<
ef al. 1992}. It has been noticed that secondary
stresses measured earlier in the exploratory drift
are different than evaluatéed by the Hydrofracture

“test.
GEOTECHNICAL PROBLEMS

I. Power House Cavern {Machine hall):

The problems encountered during the excavation and
construction of the cavern includes rock falls from
. the roaf arch and development of cracks in the upstr-
-7 eam and " downstream rock faces. The machine hall
is located 30 to 65 m Dbelow the average ground
level between two ENE ~ WSW trending dolerite dykes
(Fig.2 & 5). Jointed basalt and agglomerate are exposed
at the crown and on the sides above El 20m. A
. major part of Trubo-generator Units are located in
the dolerite sill having chlorite coated joints. Rock
.masg -is dissected by shear zones (Fig.3) and practi-
cdlly devoid of ground water. However, drainage
galleries have been provided all around the cavern
to drain out seepage water after filling of the reser-
voir.

Rock mass classification:

The rock quality has been evaluated by adopting
Barton's 'Q' - system and Bieniawsi‘s RMR method.
Four units have been identified for design considera-
tion (Table-2).
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Table-2: Rock mass Rating of Different Units
No. Units Bienjawski's Barion's

RMR qQ
[.  Dolerite 72 14.2- 18.5
II.  Basalt 67 9.3- 15
UL Bhear: 1.2y dolerite 23 0.33q.5
I¥. Dasalt betwwen shear zones 30 0.25
Design support system:

the New

The supports areé being provided based oa
Tunnelling Method (NATM) depending on the
rock mass classification of power house cavern.

The rock mass is supported by tensioned grouted
rock bolts of 6 to 7.5 m length at a spacing varying
from 1 m to 1.75 m staggered and two layers of 38

mm thick shotcrete with wiremesh (Fig.3}.

Austrian

Instrumentation:

The presence of weak features in the power house

cavern and designing the support system on NATM
method have necessitated monmitoring of the cavity
Singie point and multipoint bore

by instruments.
hole extensometers load cells, pore pressure cells
and stress meters have been installed to estimate
the deformations likely to take place on the roof
and side walls and review the support syslem accor-
Demac points and crack meter have also

dingly.
been installed after the development of cracks in
the walls. Deformation of agglomerate layer in the

roof arch has been recorded by the instruments.

Rock falls in the crown:

Rock fall in the crown and arch occurred in Feb.,1988
between RD 1540 and 1556 m involving about 125 cubic
meter of rock mass. Three point bore hole axtenso-
meter installed in the year 1984 at RD 1508 m to
study the behaviour of agglomerate layer indicated
that one of the contact of the agglomerate with basalt
is getting opened at a very small but constant rate
of 0.024 mm/month resulting in the rock fall. Total
opening noticed before the rock fall from August,
1884 to Feb.1988 was 3.03 mm (Geol & Jethwa, 1991).
Overbreaks of the order of 1.5 to 2 m have also
occurred in the upstream of the roof arch between
shear zones 'A' and 'B' (Fig.3). As a remedial
measures to contain the fall in these areas, additional
rock bolits in between the pattern rock boits have
been provided besides two additional shotcrete layers
with wiremesh. Nou further opening of the contact
and roof fall has so far been observed in the treated

area.

Development of cracks in the walls:
i) Upstream wall:

The crack started developing in the wall when excava-
tion progressed to E1.14 m. The first 18 m high
crack at RD 189 m was noticed in March, 1991,
Length of the crack increased from 18 to 22 m in
Sept.1991, and new cracks developed during benching
operation from Ei.14 m to ({~)}2 m till April 1382,
Most of the cracks developed between RD 1547 and
1580 m are vertical in nature with!' maximum opening
of the order of 15 mm. A few horizontal cracks
have also been noticed. These vertical & horizontal
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cracks are developed along and adjacent to shear

3-0 GECLOGICAL LOG OF MACHINE HaLL

zones ‘'A' and 'B' above pressure shafts 2 &6 3
between E1.11 and 37 m. Extension of the cracks
inside the rock mass has been observed by opening
windows jin the shotcrete. Snapping of the wiremesh
. has alSu_ been noticed. Detachment of the shotcrete
.‘las  béer. ebserved just below the spring line of
the machine hall in about 30 m length. Maximum
disiccation of the shotcrete from rcck face of the
order of 200 mm has been noticed betwesen EL.36.5
and 37.5 m, that is just below the spring line E1.39
m (Fig.4). '

the rock mass has continued since
March;, 1991, Reappearance and deieloopment of
new cracks in the shotcrete and widening of the
existing cracks during benching operation from E1.14
¢ (-} 2 m are some of the evidences of continuous
deformation.  Glass plates nstalled across the cracks
are also found brocken. Monitoring of these cracks by
Demacpoints and crack meter is in progress.

Deformation of

Probable cause of the development of cracks:

The probable reasons for the development of cracks
can be one or the combination of (a} Ditferential
movement of rocks in the vicinity of shear zones:
(o) Adjustment of rock mass between inadequately
supported pressure shalt opemngs: (¢} High in-situ
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stresses acting on the walls; {d) Shidwng or rotational
movement of wedge formed between two shear zones
'A' and 'B'. The wedge formedconverges inside
the rock mass in the upstream of the cavern (Fig.3).
The size of the wedge is smaller at top and graduslly
widens towards boltom.

Thrue dimensional finite element analysis 18 1n
progress to evaluate stress pattern and displacement
of the rock mass for proper understanding the forces

responsible for the development of cracks in the

upstream wall.
ii} Downstream wall:

The cracks were also observed in April 18952 between
RD 1430 and 1525 m.  Those cracks are along and
parallel to shear zone ‘A’ between E1.7 and 26
m. Wedge formed by shear zong 'A' and 'B' s
diverging mside the rock mass and thus it 1s a
stable wedge. Another wedge formed between shear
zone 'A' and vertical jowints in the basalt with the
combination o©f low dipoping shears towards [ree
face in the underlying dolerite sill and high stress
can bg respensible for the development of cracks
in the downstregam wall.

Remedial measures:

The remedial measures includes provision of additional
longer rock bolts at shorter spacing and or long
tendons besides additional layer of shotcrete and
improvement of the disturbed rock mass by grouting
and drainage. The exact dimension and spacing
of the tendons will be governed by the results of
finite element analysis under progress.

II. Acceess Tunnel:

The D-shaped 8.5 m wide and 8 m high, access
turnel passes through basalt and agglomerate for
a length of 230 m and dolerite dyke/sill in the

The Akkalbar fault aligned
in NBO°E -~ S60° W direction, dipping 70° towards
Nw is about 8 to 10 m wide and aits the tunnel
at a distance of 530 m from inlet portal (Fig.2].
The support system of access tunnel for most of
its reach comprises 25 mm dia 6 m long pattern
rock bolts at 1.75 m c¢/c with 2 Jlayers of 38 mm
thick shotcrete layer with wiremesh in between.
Steel sets were also provided in few critical reaches.
Problemsk due to shear zome, fault and water seepage
“ has beenencountered during the tunelling operation.

remaining 630 m length.

i} Shear zone:

A sub horizontal shear running rear the crown of
—-the tumne! at the interface of agglomerate and basalt
has rasulted in the overbreaks causing flat roof
in tpe' initial 230 m length. Problem of flat roof
has also been encountered in dolerite sill where
sub horizontal sheared joints are present near the
crown of the tunnel. As a remedial measure spacings
of the rock bolts iIn the crown has been reduced
from 1.75 m c/c to 0.75 m c/c in such reaches.

ii) Akkalbar Fault:

For the tunnel section affected by Akkalbar fault,
rock load of 26 t/m was estimated considering it
a crushed rock as per Terzaghi's classification.
Steel ribs ot ISMB 300x140mm (44.2 kg/m} and ISMB
430x200m (79.4 kg/m) were provided at 500 mm
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centre to centre and back filled with concrete (Shah
et.al.1892). This fault is exposed in the reservoir
of rock fill dam located about 160 m north east of
the tunnel. Seepage of the order of 50 - 60 liters
per minute was noticed in the turnnel from the fault
when the reserveir water level was around E1.66

zone
m, The seepage was anticipated to increase mamfold
when the reservoir reaches its FRL at E1.95.10 m.

Grouting from the roof reduced the leakage about
§50%. The ssepage water 1s proposed to be diverted
through drainage holes channelised to the sump well.

iii} Shallow rock cover:

A stretch of about 50 m length of tunnel passes below
the already constructed 357 m high rock fill dam
with a8 water storage of about 30 m depth. The
tce of the dam is about 12 m from the alignment
of tunnel on one side and open cut 40 m deep in
the collection pool on other side. The rock cover
over the tunnel ia this reaches was low varying from
10 m to 17 m. The excavation 1in this part was
done very carefully by smooth blasting techmques
and monitoring the peak particle velocity at the

toe which was limited to 6.25 mm/sec. Steel nibs
were provided in the low cover reach.

I1I. Draft Tube Tumnels:
The draft tube (D.T) tunnel of 160 m drameter are
passing through mostly dolerite sill dissected by

chlorite coated joints and low dipping shears. Exca-
vation of the heading porticn of the DT-1 and 2 is

completed and of DT-3, 5 and 6 is 1n progress.
Unfavourable orientation of the discontinuities and
presence of chlorite in the dolerite sill (RMR=45,

Q = 0.63) have resulted in the roof fall in the DT-2
and DT-3 near interconnecting galleries. Major rock
fall occurred on 6.11.90 between RD 74 and 86 m
in the DT~2 along the sub horizontal shears involving
overbreak of the order of 4.5 m (Prakash and Chida~
mbranathan, 1991). Design rock bolts 20 mm dia,
4 m long, 1.75 m c/c could not prevent the dilation
of joints and shears in this area. Steel ribs have
intreduced in these tunn2ls after the collapses.

However, problems of flat roof and overbreaks are
continuing in all the tunnels in the reaches occupied

by dolerite sill.

IV. Exit Tunnels:

Horse shoe shaped exit tunnels (E.T) of12.5 m diameter
are passing through basalt, agglomerate, dolerite
dvke and sill. The Akkalbar fault runs parallel

and close to the alignment of E.T-1 from the outlet
portal (RD 0 m)] to kink point (RD 222 m). Joints
sympathetic to the fault are traversing all the three
tunnels, but they are more prominent in the E.T
~1. A low dipping shear zone dipping 30° towards
south (outlet end)} is crossing the alignment of E.T-1
at RD 100 m, E.T-2 at RD 62 m and E.T-3 at RD
50 m. Minor water seepage has been noticed along
this shear (Prakash & Chidambranathan, 1391}, About 50%
of the tunnel length is passing through slacked dolerite/
chlorite coated joints (Fig.5). The physico-engineering
properties of the dolerite are given 1in the 1able-3,

Laboratory shear tests of the chlorite coated joints
have given the value of C as =zero and = 18°,
Low wvalue of the shear parameters of the chlorite
coated joints are indicative of ‘poor shear strength
of rock mass.
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Major roof falls/block falls occurred in the exit
tunnel-1 between RD 0 and 113 m after the installation
of the rock bolts (Fig.6). Abcut 50% rock boits
have been reported to be slipped in the slacked/chlo-
ritized zone during tensioning. Second layer of the
shotcrete with wiremesh was not provided in ths
month of May 1990 and subsequently resulted in the
roof falls in the month of Sept.1990 after the entry
of flood water. Intersection of three sets of chlorite
coated joints are forming removabla/detachable blocks
of size varying from 0.5 x 1 x 2 m to 1 x 2 x 3m
resulting in block falls in the exit tunnéls at places.
Pattern rock bolts could not prevent the collapses
in the slacked rock =zones. Design support system
based on rock mass classification included pattern
tensioned grouted rock bolts and shotcreted with
intervening wiremesh. Goodman & Hatzor (1990) opined
that in highly discontinuous rock formations general
rock classification is questionable. After the collapses
support system was reviewed and steel rib supports
were introduced in all the tunnels at critical locations.

CONCLUSIONS

Geotechnical problems encountered during the construction
of the underground power house and its ancillary
structures in the Deccan basalt were not anticipated
during pre-construction stage investigation. Critical
examination and evaluation of the rock mass during
construction stage geotechnical investigations have
helped in reviewing the support system from stability
and safety considerations. Support system Dbased
on the rock mass classification consisting of pattern
rock bolts and shotcrete was designed for all the
underground openings. After the rock falls from
crown in the tumnels and development of cracks in
the machine hall, the support system has been re-
evaluated and reviewed. In all the tumnels stesl
ribs have been intreduced at the locations of adverse
rock mass conditions where unstable rock blocks
are formed due to intersection of joints and shears.
The state of stresses in the excavated rock mass
around power house cavern iz under evaluation for
deciding the additional treatment required for stabili-
zation. Tendons and longer rock bolts are being
designed to stabilize the individual rock wedges
formed in betwesn the critical joints and shears in
the main power house cavern.

The data collected and implications of the geotechnical
problems encountered indicated that & synthesis
of the information gathered during construction stage



studies is of prime importance in such projects.
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EXPERIENCE OF EXCAVATION FOR UNDERGROUND
STRUCTURES THROUGH DOLERITE AT SARDAR SAROVAR
(NARMADA) PROJECT, GUJARAT

By
indra Prakash*

ABSTRACT

The underground power house 1s located in the bzsait flows intruded by doletite dykes
and sill. Majar part of the tunnels are passing through siaked and chloritised doterite
posing Lroblem of roof coliapses and rock fatis. Rock-bolt supporis have been
reviewed 8nd rib supports bave been introduced in the tunnels efter observiag
behaviour of the dalerite rock mass during progressive excavation.

Introduction :

The Sardar Sarovar {Narmada) Project, under construction, is a multipurpose
river valley project located in Gujarat. The project enviseges construction
ot 1270m long and 128m high concrete gravity dam, 1200 MW urderground
power house and 250 MW surface power house, The underground
power house is located at the toe of the main dam on the right bank.
The construction of six draft tube tunnels is near completion. Other
ancillary structures including six pressure shafts, an access tunnel and the
exit tunnels are alreacy completed. The cavern and tunnels have been
opened by New Austiian Tunnelling Method (NATM). Geotechnical prob-
lems encountered during the excavation of tunnels through dolerite rocks

are discussed.

Geology :

The underground power house is located in the sub-horizentally disposed
- Deccan basait flows intruded by vertical and inclined dolerite dykes and

*Geologist (Sr.), Engineering Geology Div., Geological Survey of India, Sector 10/4
Gandhinagar-382 043 (Gujarat).
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sills (Prakash, 1, 1593), These dykes are 40to 4Em thick, aligned in
NNE-SSW to ENE-WSW direction The dolerite sill 1s about 25m thick,
aligned in NE-SW direction, dipping 20° to 25° towsrds South East. The
vertical dyke is traversing the access tunnel!, draft tube tunnels 1 and 2
and all the exit tunnels. Inclined dolerite dyke is traversing the machine
hall and exit tunnels (Fig. 1). Major part of the crown of the exit tunnels,
draft tube tunnels and bottom of the machine hall including foundation of
the Turbo-generator units are loacated in the dolerite sill dissected by
chlorite coated joints, shears and slaked zones (Fig.” 2).

Petrograpy of the Dolerite :

Dark coloured, medium to coarse grained rock compossed of laths of
plagioclase feldsper and clinopyroxene. Secondary minerals include
magnetite, chlotite, serpentine and olivine Apatite occuts as accessory
mineral. Clinopyroxene poikititically ¢ncloses plagioclase feldspar giving
rise to ophitic to sub-ophitic texturs, intergranular at places and holo-

crystalline
Alteration of dolerite rock :

Alteration of feldspar to seticite and augite.olivine to chlorite have been
aoticed in some of the rock samples of the vertical dyke and sill. A few
cracks observed in these rocks are of branching type infilled with

chloritic material.
Laboratory test of slacked rock :

Rock lumps of slaked doierite have bsen subjected o alternate
wetting and drying cycles of 24 hours each in the laboratory. Chlorite
flakes started separtating along joint planes after two cycles. Kock lumps
started crumbling after 5 and 16 cycles. Slaked rock crumbled into flakes
or granular particles after exposing to au depending upon the nature and
degree of alteration )

X-ray analysis of the slaked dolerite :

Saportite has been identified as a major constituent in the sleked dolerite
rock. Chlorite occurs in small amount along joints (Table-1).



26 EXPERIENCE OF EXCAVATION FOR UNDERGROUND

sills (Prakash, |, 1S93), These dykes are 40 to 45m thick, aligned in
NNE-SSW to ENE-WSW direction The dolerite sill is about 26m thick,
aligned in NE-SW direction, dipping 20c to 25° towards South East. The
vertical dyke is traversing the access tunnel, draft tube tunnels 1 and 2
and all the exit tunnels. Inclined dolerite dyke is traversing the machine
hall and exit tunnels ~Fig. 1). Major part of the crown of the exit tunnels,
draft tube tunnels and bottom of the machine hall including foundation of
the Turbo-generator units are loacated in the dolerite sill dissected by
chlorite coated joints, shears and slaked zones (Fig. 2).

Petrograpy of the Dolerite :

Datk coloured, medium to coarse grained rock compossed of laths of
plagioclase feldsper and clinopyroxene. Secondary minerals include
magnetite, chlorite, serpentine and olivine Apatite occurs as accessory
mineral. Clinopyroxene poikilitically encloses plagioclase feldspar giving
rise to ophitic to sub-ophitic texture, intergranular at places and holo-

crystalline
Alteration of dolerite rock :

Alteration of feldspar to sericite and augite.olivine to chlorite have been
noticed in some of the rock samples of the vertical dyke and sill. A few
cracks observed in these rocks are of branching type infilled with

chloritic material.
Laboratory test of slacked rock :

Rock lumps of slaked dolerite have been subjected to alternate
wetting and drying cycles of 24 hours each in the laboratory. Chlorite
flakes started separtating along joint planes after two cycles. Rock lumps
started crumbling after 5 and 16 cycles. Slaked rock crumbled into flakes
or granular particles after exposing to air depending upon the nature and

degree of alteration
X-ray anaiysis of the slaked dolerite :

Saporlite has been identified as a major constituent in the slaked dolerite
rock. Chlorite occurs in small amount along joints (Table-1).
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Table-1

X-ray analysis of dolerite rock.

Part of the sample Constituents Remarks

Powder Saponite Major
{Smectite group)

Thin black platy material Saponite Major
Chlorite Small amount
Calcite, quartz Minute
Stellerite Minute traces

Hard material Saponite Major
Stellerite (Na) Good
(Zeolite group)
Feldspar Small amount
Clay Trace

Brittle soft material Plagioclase Maior
Chiorite - Small amount
Amphibole Minute traces

Physico-engineering properties of Dolerite :

Test results of the physico-engineering properties determined in the labo-
ratory revealed that Uniaxial Compressive of strength of unaltered rock is
almost double of the moderately altered rock (Shah, K. N., 1991). Porosity
and water absorption percentage increases with the increase in alteration
of dolerite rock. However, specific gravity remains almost same (Table-2).
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Tahle-2

Physico-engineering properties of Dolerito

Types of the Properties
rock samples
9, water A True Uniaxial
absorption porsity specific compressive
gravity strength

{Saturated) MPa

Fresh 0.9 295 77.6
Slightly 05-1.4 1.4 -39 2.85 -2.95 60
altered

Moderately 0.8-27 23-75 280-29 34
altered

Shear Parameters of the slickensided Chlorits coated joints :

Laboratory shear tests of rock samples having chlorite coated slickensided
joint surfaces have been done to obtain ‘C’ and *¢’ values of weak planes.
After 90 days of saturation ‘C’ vaiue obtained is 0.20 MPa and -¢" value is
18°, ‘¢’ value remained unchanged even after 30 days of saturation

(Tabie-3).
Table-3

Shear parameters of the joints coated with chloriiic materiai

Period of saturation Shear parameters
‘C* Mpa ) ‘¢’ degree
Dry 0.011 226
3 days 0.143 20
30 days 0.095 18

90 days 0.020 18 -
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Table-2

Physico-engineering properties of Dolerite

Types of the Properties
rock samples
% water % True Uniaxial
absorption  porsity specific compressive
gravity strength

(Saturated) MPa

Fresh 0.9 2 95 77.6
Slightly 05-14 1.4 -39 2.85 - 295 60
altered

Moderately 0.8 - 2.7 23-75 2.80 - 29 34
altered

Shear Parameters of the slickensided Chlorite coated joints

Laboratory shear tests of rock samples having chlorite coated slickensided
joint surfaces have been done to obtain C' and -a* values of weak planes.
After 90 days of saturation 'C' value obtained is 0.20 MPa and -0' value is
18°, <« value remained unchanged even after 30 days of saturation

(Table-3).
Table-3

Shear parameters of thG joints coated with chloriiicc material

Period of saturation Shear parameters
'C' Mpa '0' degree
Dry 0.011 22.6
3 days 0.143 20
30 days 0.095 18

90 days 0.020 18
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Rock-mass Classification @

The rockmass has been evaluated by adopting Barton’s ‘Q'-system and
Beiniawski’'s RMR method. Four units of the dolerite rock have been
classified for designing the supports {Table-4).

Table-4

Rock mass classification of the dolerite rock

Unit No. Description Bieniawski’s RMR Barton's ‘Q"
1 Fresh dolerite 50 to 70 31014
1 Shightly altered dolerite 40 to 55 1.561t0 3
Chlorite coating along
joints
111 Moderately altered 35 to 45 10158

-goigrite” Joints infilied
with thick chloritic
material

1v Moderately to highly 30 t0 40 0.6 to 1.25
altered dolerite (Slaking
of the rock observed on
exposure to air)

Suoport System

The underground structures have been opened by New Austrian Tunnelling
Method (NATM). The basic principal of NATM is to utilise the rock itself
as principal structural material. The tunnelling quality index *Q° and
Geomechanics classification (RMR) system have been adopted for arriving
at the basic support system consisting of pattern rock bolts and shotcrete.

Ribs have been introduced in the exit tunnels and draft tube tunnels after
collapses :

Geotachnical problems of the dolerite rocik :

“The dotlerite sili and vertical dolerite dyke are dissected by three sets of
chlorite coated joints. Steeply dipping to vertical joints are prominent in
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the vertical dyke and sub-horizontal joints in the dolerite sill Dolerite dyke
is clo.ely to moderately spaced and dclerite siil is moderately to widely
spaced jointed. Most of the joints are slicken-sided. Sub-horizontal
shears are traversing the dolerite sill in enechelon pattern. Spacing,
orientation, thickness and nature of the infilling material of discontinuities
have played important role in the stability of the structures besid
presence of shears and slaked zones in the rock mass.

Access tunnel :

The D-shaped 8,.5m wide and 9m high, access tunnel passes through basalt
and agglomerate for a length of 230m and dolerite dyke/sill in the
reraining 630m langth. The initial suport system comprised 25mm dia 6m
long pattern rock bolts at 1.75 m. C/C with 2 layers of 38mm thick
shotcrete with wiremesh in between.

Roof of the tunnel passing through dolerite sill in 67m length has become
flat due to presence of sub-horizontal shear near the crown. Step like
profile at haunches is formed due to the intersection of vertical and
sub.horizontal joints (Fig. 3). As a remedial measure spacing of the
pattern rock bolt has been reduced from 1.5m to 0.75m in this reach.

Part of the tunnel passing through vertical dolerite dyke, in 10m length, is
located in closely spaced chlorite coated jointed rockmass (RMR-=35.-
Q=0.6). Support system wwaz-ieviewed and steel tibs were installed in
this reach. o ’

Draft tube tunnels :

The draft tube (D.T.) tunnels of 10m diameter are passing through
dolerite sill dissected by chlorite coated joints and sub-horizontal to low
dipping shears. Initial support system for the tunnels comprised 20mm
diameter and 4.0m long rock bolts at 1.75m C/C and 38mm thick shotcrete.
These tunnels were proposed to be lined by 300mm thick concrets,

Major part of the tunnels are passing through dolerite sill. Subsurface
exploration hes revealed the presence of slaked zones in about 10% tunnel
length. Roof falls have occurred in the draft tube tumnel-2 and 3 near
interconnecting galleries. Rock mass (RMR=41, Q=0.63) in this are

-~
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1s dissected by chlorite coated joints and shears. Major rockfall occusred
in the D.T-2 on 6 11.90 between R.D. 74 and 86m along the sub-horizintal
shears involving overbreaks of the order of 4.5m in height even after the
installation of rock bolt supports. Overbreaks in fHlat roof have been
noticed in all the tunnels passing through dolerite sill (fig. 4). Rib supports
have been nstalled in all the tunnels after the collapses except in
sbout 80m length of the D. T-1 and 14m length of D.T-2 where chlorite
coating along joints was almost negligible. Reinforced iining has been
done in the reaches supported by rock boit.

£xit Tunnels :

Horse shoe shaped exit tunnels of 12.5m diameter are passing through
basalt, agglomerate, dolerite dyke and sill. The initial support system
consisted of 26 mm dia, 6m long expansion shell type of rock bolts, spaced
at 1 to 1.8m centres with two layers of shotcrete each 38Bmm thick and

welded wiremesh in between.

The Akkalbar fault runs parallel and close to the alignment of the Exit
tunnel {E.T.)-1 from the outlet portal (RD Om) to kink point (RD 222m).
Joints sympathetic to the fault are traversing ail the three tunnels but they
are more porminent in the £. T-1. Sub-surface explorations of the tunnels
have revealed that about 60% tunnel length of E.T.-1 and 30% tunnel
length of E T-2 are occupied by slaked dolerite rock.

Major part of rocf collapses have been observed in the E. T-1. Heading
part of the E T-1 was inihally excavated from the outlet portal side by
providing rock bolt and shotcrete. A few cracks (about 4 to 10mm
wide) were observed in the crown at R.D.20, 34 to 36 and 55 to
57m in the month of May 1990 i.e. about one and half months after the
excavation of the tunnel. Slipping of the rock bolts during tensioning was
eariter noticed between R. D. 70 and 96m in the area of slaked rock
zone. Steel ribs (ISM3 300 x 140mm at 350mm centres) were erected in
the excavated tunnel section to support the distressed rockmass. This
tunnel was twice filled up with flood waterin the month of June
and Septembar, 1990 prior to the proper back packing of the ribs.
Roof fall was observed in 67m length on 29th. Sept., 1990 after dewate-
ring of the tunnel. Overbreaks of the order of 4 to 5m have been noGliced.
Stze! r bs wore found twisted. Some of the rock bolts felt aleng with rock
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block and a few remained in position with their anchorage inside the rock.
Rock falls extended with time in the entire excavated and rock bolt suppor-
ted tunnel section between R. D. 0 and 133m. Roof falls continued even
after reducing the tunnel section to 7m in the slaked rock area. Finally
entire tunns! was supported by rib supports. Rib supports have also been
provided in the €. T-1 and E. T-2 in view of the similar rock conditions.

Discussions :

Extensive geological investigations have been done for the tunnels to
delineate the weak feature and classify the rock mass. The NGI’S Tunnelli-
‘ng Quality Index (Q) and CSIR Geomechanics classification (RMR)
systems were adopted for arriving at the basic support system involving
rock bolts and. shotcrete. Accordingly, the tunnels were opened by
New Austrian Tunnelling Method (NATM) as per advice of the Central
Water Commission. Roof falls occurred in the tunnel section of £. T.-1
passing through slaked dolerite even after providing rock bolt supports.
About 50% rock bolts slipped during tensioning. This necesitated
review of the support system. Roof falls also occurred in the draft tube
tunnels passing through dolerite sill dissected by sub-horizontal shears
causing over excavation and flat roof at places. Pattern rock bolts -
could not prevent rock fails in the exit tunnels and draft tube tunnels
in the rockmass dissected by moderately to wldely spaced cholorite
coated slickensided joints. In view of the continuation of the rock falls,
rib supports have been introduced in the exit tunnels and draft tube
tunnels to stabilise the rock mass.

Conclusions :

Support system based on the rock mass classification consisting of pattern
rock bolts and shotcrete was designed initially for all the uuderground
openings. After observing the behaviour of rock mass during progressive
axcavation, tib supports were installed after the collapses in the tunnels,
Jesigning of the support system by adopting the available emperical
nethods like Barton’s ‘Q° and Bieniawski’s ‘RMR’ system has not resulted
n the safe execution of the tunnels in the chloritised and slaked dolenite

ock. Rib supports are recommended for such type of trock mass.
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