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ABSTRACT

At present, India’s installed capacity in the hydropower sector is approximately 44.47 GW out
of total power capacity of 326.84 GW (CEA, 2018). Therefore, a substantial development of the
hydropower is required which significantly depends on construction of dams. Concrete gravity
dams (referred as dams) transmit large loads to the foundation, which requires detailed analysis
of dam-foundation system. Rock mass comprises of joints and shear seams and hence distinct

element models, DEM, that incorporates deformable blocks are required (Cundal, 1992).

The detailed project reports of 40 hydroelectric projects in the Himalayan region are reviewed
and the apparent dips of the set of joints of these projects evaluated to access the combination of

joint orientations used for analysis in this study.

The dam and foundation are modelled as two discrete blocks, which are interacting through an
interface between them. Analysis is carried out for two loading conditions, viz., (i) Loading
condition ‘A’ (construction condition), LCA, i.e., construction of dam completed but no water in
reservoir and no tail water, and (ii) Modified loading condition ‘B’, LCB, i.e., full reservoir level,
with extreme uplift, assuming the drainage holes to be inoperative. For LCB both coupled hydro-
mechanical analysis, LCB,., and uncoupled hydro-mechanical analysis, LCB,,, (or mechanical

analysis) are carried out.

To study the effect of joints and shear seams, dam-foundation analysis is carried out idealizing
the foundation rock as (a) a discontinuum jointed rock mass foundation with one or two sets of
joints, (b) a continuum rock foundation with shear seam, and (¢) a discontinuum rock foundation
with shear seam. For the present study elasto-plastic analyses has been carried out for 29,612

cases using the software Universal Distinct Element Code, UDEC (Itasca, 2011).

Analysis of the dam-foundation system with single set of joints are carried out to study the effect
of (@) single set of joints: by varying the joint spacing, s, joint orientation, 8; of the foundation
joints; (b) foundation joint stiffness: by varying joint normal stiffnesses, k,, and joint shear
stiffnesses, ks and (c) dam-foundation interface joint stiffness by varying the dam-foundation

interface normal stiffness, k,,;, and dam-foundation interface shear stiffness, kg;.

As expected, it is observed that the major principal stresses are maximum at the heel for LCA and
at the toe for LCB (both LCB, and LCB,,)). For LCB,, the uplift pressure distribution is non-linear
and varies with the variation of joint orientation. For most cases for LCB,, the factor of safety is
higher than that from the conventional analysis. It is also observed that for both LCA and LCB,,

major principal stress and crest displacement increase as joint spacing reduces, for all ;. For



values of 6; from 0° to 30° and 105° to 180°, LCA is the critical condition for stresses while for
values of 6; from 30° to 105°, LCB, is critical. For LCA, the displacements are minimum for sub-
horizontal joints and maximum for sub-vertical joints. For LCB,, the X-displacements of the crest
are minimum for sub-horizontal joint sets and maximum for sub-vertical joint sets while the y-
displacements of the crest are maximum for sub-horizontal joint sets and minimum for sub-
vertical joint sets. It is observed that stresses and displacements under both loading conditions
are dependent on the product of k,, and s, and, for any value of k,.s greater than Young’s
modulus of intact rock, E,., i.e., k,.s > E,, the stresses and displacements do not change with
further increase in k,,. s. It is generally observed that as the ratio k,,/k, increases, the stress and

displacement increases.

The behaviour of rock foundation with two sets of joints is evaluated by varying the joint
spacing, s, joint set orientation, 6;, and included joint angle, 6;. The joint set spacing for both
joint sets are assumed equal. Critical joint set combinations for major principal stress are
observed as 0°-120° and 120°-150° for LCA, and 0°-90° and 0°-150 for LCB.. Crest
displacements are observed to be critical for 60°-90° and 30°-60° for LCA. For LCB,, critical
joint combinations for X-displacements are 0°-120°, 30°-90° and for and y-displacements are 60°-

90°, 30°-60°.

To study the effect of seam in the dam-foundation system, analysis has been carried out by
idealising the foundation as equivalent continuum by varying the seam width, seam orientation,
0, with respect to the upstream horizontal and seam strength properties namely, seam cohesion,
cs, and angle of friction, ¢s. The locations of the seam are considered at Heel (HI), Heel-Center

(HC), Center (C), Center-Toe (CT) and Toe (T).

It is observed that due to the presence of a seam, the stresses and displacements are affected in
the vicinity of the seam, in the dam and foundation. The deformation at the mid-point of the
seam, §,, at the dam base is compared with the deformation at the same location without the
seam, §,,. A seam influence factor (Ir) defined as the ratio of 6,5 to &, is calculated for each case,

to study the impact of the seam.

Seam orientation of 90° and 120° is observed to be most critical for LCA and LCB, respectively.
A seam at the heel (HI) of the dam is most critical for both loading conditions. In all cases, the
seam influence factor increases with increase in the seam width. For both loading conditions it

is observed that as value of ¢, or ¢)s decreases, values of 8, and I increase. The effect of change

in ¢ or ¢, is greater for smaller values of ¢ or ¢s.
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In order to study the effect of shear seam on a jointed rock foundation, and, to calculate the
optimum depth of plug for dental treatment, analyses are carried out for a gravity dam on a jointed
rock foundation with a single set of joints along with shear seam and plugs for dams of different
heights. Twelve different joint set orientations (6;), and a spacing of 2 m are considered for
foundation joints. Seam of four different widths are considered at different locations below dam

base. Analysis is carried out for both LCA and LCB,.

Additional analysis are carried out with concrete plugs of 4 different depths for each seam
considered and plug efficiency curves are developed. The optimum plug depth is defined as the
plug depth where the rate of change of plug efficiency reduces to 1%. A study of the optimum
plugs for all cases considered showed that the impact of 8, 8; and seam location is negligible on

the value of optimum plug depth for seam of various widths.

In order to develop an empirical equation for the optimum plug depth required for dental
treatment of shear seam, the optimum plug depth is calculated for different dam heights and seam

widths.

Based on the assessment of the impact of various parameters on the optimum plug depth, the
relevant variables affecting plug depth, namely, dam height and seam width, have been identified,
and an empirical relationship is proposed through regression analysis. The plug depth calculated
from the derived empirical relationship has also been compared against other similar equations

available for plug depth.

Numerical validation of empirical equation for optimum plug depth is carried out for variation
in joint spacing; variation of ratio of Young’s modulus of intact rock blocks to that of dam
concrete, E,./E. ; and varying the ratio of Young’s modulus of rock blocks to that of shear seam
blocks, E,/E. Impact of variation in each of the parameters on the optimum plug depth is

studied.

It is concluded from the above study that the empirical relationship developed in the present
study is suitable for calculating the optimum depth of plug which should be provided for any

given seam width and dam height.
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AT §, HRA B 326.84 GW B! H faoTel! & & F RSIUTAR &F &I SIS & TRIHT 44.47 GW
 (CEA, 2018) | ST, RSIUTR & YA fAsr &} STazadhdl §, St SH & A0 R w1t fRk avar
21 Hepie IS S0 @0 & W A i) o Agy & wievewH H Thiffic Hva €, foras forg 3a-
HIIUSTH Ren & fawqd fAzawor &t sawadhar gl § | M A H Sigey 3R R T iy gt
g 3R gafer f3f¥ae ufeme Afsa (S5ud, DEM), e RSERAT sife AT 8, B SMawaehd gidl
 (Cundal, 1992)

2 31eqge H feurardt &3 &t 40 gZSraR uRaieHIst @ fEees Moiae Rudy ot aeiten &1 T8 §, 3R
2 g & S Jeg & e fSw &1 Yeuid faar a1 8, 3R IhT IUANT 39 e o
fazawur ¥ SUAIT fbT oI a1l Sifge SRu=xia deb ug=m & fore fpar man g

S 3R BIIUSTH H &) fewhie o] &b &4 & Hiad a1 T §, St 3% ofid U ety & |
TRER XA IR g ¢ [a=evor & A &SR & fare fasan man &, Fma: () aifeT deiRe A
(IR HSIM), LA, 3rifd, qoiaar Rfifa 30, forae fRofafar § ot 781 8 ok 2 arex 1 72§, 8l
(i) ASHISS AT HSIRA 'B' !, LCB, 31iTd, Yol RRolaiR Wik, TR Siafade arelt RafY, S+t gied
fAfspg A e M § | LB & ot Huee g el-AdHdd TR, LCB,, 3R 3F-HUE gIgal-HdbHdbd
TR, LCB,, (A1 B TR, 3 Hl fhy T B

Sigey 3R 2fferR HHl & UHId HT 31097 B 8, SH-BISUSTH Ried &1 Az BI3veH & Jdh
@ diF Kt § snsfEaas aR & far T 8, HUR: (@) SEcy & Uh a1 41 ¥el & WY Uh
ST TS Vd AN BrevH, (@) MR W & Y U Bie1sd b HISSTH, 3R (1)
MR AW & Y T FSTBICI3H Vb BISSTH | TAHH 31eqd & g gadid fefdde Telide s,
el (UDEC) |ITeaTR (Itasca, 2011) & IUIANT §RT 29,612 GRIRUTTAT BT SARCI-WIRCH TAARN
forar T g1

Sigcd & RTe Ye & Ty SH-HISvS T Riked o1 fazaor far mar 8, FHafafad fufad & gyl &
T B 5 : (B) Slecd BT R U : BISUSIM & Sliecy & AT Sige Wk, s, 74T [afi= Sige
3NRTRIY, 6;, P UHTE BT 3HT; (F) BISUSTH b SI5cd Bl vilge REBY : fafe Sige ATHa e,
k,,, 9T fafie Siige MR W=, k,, & UHTE BT 31T, 3R () SH-BISUSYH & By BI §eBY
Sige feway : faftd Sty Ardd e, k,,;, duT fafis evthy MerR WA, k,;, & YHIT &
3regu fpar T B

o s sraférd o, g8 e T § fob AoR Fifud $9 LA & o S & §1d W 3R LeB @ LB, 3R

LCB,) % fU 30 & A R ffhad g1d §1 LeB, & g, sufede IR fewdieqzm A19-dlifAeR § sk ifge
INRT A @ A & 1Y Fearar gal g | i uRfRufadt & sawma TR & a1 H LeB, &1



Traex 3ift AU it uran T 31 3% i &1 T | b LeA IR Lo, 1 Rafelt 7 it o, & g,
Sige WA &1 g I AoR fifud 1 ok e fewasle e A afE 8t 8 1 6, F A 0° F 30° 3R
105° ¥ 180° & foIg, %H & forw fobfespa HSI=M Lea urdt Wit &, Siafds 6, & 71 30° § 105° & g, T4
¥ fore fpfesra daivm Lep, IRl Tt B1 LeaA & e, <gaad fewawie fafd va-gieii<d Sisey &
for, SR 3ifirpran fexaiwie Rl Je-adfea Sy & forw urlt Tt §1 LeB, & o, S0 & e &1 x-
feeardic va-gi<d Siscy & A¢ & fau Fad iR Ia-adfad Siigey & Ie & o sifiiean urar
T §, e SH & H¥e B y- STawe qa-giuiied siged & Ie & e ifismdy 3R Ja-adfed
SEed & ¥ & U ga| Urdn T 8| T8 34 T § fb gl e e # 1 ok fEwwie k,
IR s B UABA (k,,.s) R PR A B, 3R, 30ae A & 471 Higaq, E,, q 31 k,,.s b bt +ff e
¥ g, ol k. s > E, @) R B R SR feTaiT k,,. s & Hed W gf S & 1Y 76} Seadl| I8 SR
TR W71 § {6 S-S k,,/k, BT U dgdl 8, 3R fewadie it sgar gl

Sy P al e U g AP BISSTH & TR Bl Y1 Silec WA, 5, Tec Ye HRTTRM, 6, 3R
TTHISS Sge WId, 0;, P AT Feul B! ABR [T 71 B | Sy & gl Jel & forg Siige WRAT &Y
THH JH 7T 8 | AoR fifud @9 & o fpfewd Siige Ve sifim, Lea & g 0°-120° 3R 120°-
150°, 9T LCB, & 1T 0°-90° 3R 0°-150° W MU & | e fET@d e LcA & forT 60°-90° 3R 30°-60° WR
fopfema @ U §1 LB, & fo fpfeerd Siige SiffamzH x-fewmiwe & fo 0°-120°, 30°-90° T y-
fEwarae & for 60°-90°, 30°-60° |

SH-HIIUSYH Rieed B T & THTT HT 10 T3 8, BISUSTH ! UfHda< Bi< 3| F A&
IR, T a8y, Sy gikel<d & Y T 3RTCTM, 6, TUT HH WY WO AMHa: WH HIeRH, ¢,
3R W 3T ha=M, ¢, b Al Yeal o1 AobR faweror frar mar 1 A &t b= $7 & & (HI),
BA-TeR (HC), Fer (C), er-2 (CT) 3R & (T) R Tt T §

Ig <1 1 ¢ b U Wi Bt IufRUfd & HRUT, 37 3R HISUSIH H, T & SHRIUN & &5 61 1 3R
feeieic gufad 81d 1 o7 99 IR 9H & 7e9-fdg W 81 arell SIBIHRH, 6, BT garl I8 RIF IR
o W 1 fRUf & &1 arelt STBTERM, 6, & TU P TTS 5 | T TUHILH By, I, D1 6, 9 6, P 30
& ¥ § gRuTid forar T €, iR 9@ M1 Ude IR & fow &t 78 g, aifes 9 & guia &1
g fordT S Hap |

LCATE LCB. & fAW R 90° Td 120° SRT=wH &t Wi fbfeda St i g1 aFl AifeT Sl &
forg T @t frfedra didbeH o7 & g (HI) W ! T8 81 3t uRkfRufaadl & T 3oqey haex 4w
gy o 3fg & Try Tgdr JIaT g1 S QST el & e <ar a1 § fob SI-Si ¢, 3R ¢, BT e BH
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T$CS AP BT W MR HH & TUTT BT 38994 B3 5, Ud, Scd cicHc o forg oHH @il s
@1 U R 7, MR T 3R W Aied Sigcd & RITA e ¥ gad Siiges b BISSH ardt Afadt
31 1 At 37 g8y & forw fyzavyr fhu e 81 BI3udeH & Sige e SRu=eH & SRE 3feHT- 3l
el U Siige WRAT &1 4ed 2 Hiex A1 T 81 S0 o9 & - W fafte e W vd IR faftr fagem
o1 A T B 1 faRAwr Lea € Les. <A % o fear man j

TS I & o depic @ i 4 fafte Swa & g sifafked fa=eron fasar man g, 8 @i uith iR
Ho faeid fary 7T § 1 ST @R S &l @i &t 39 S & T H uRyiid farar mar g o o w
T TR R & ke &t &R 1% o HH 81 It 3 | fazawor ot waft uffRufert & ferg urg 718 sy
W S & ool & e A I8 gitar w3 fafie fagew & 9 & for offfory @it 3w & Jeuf R
0, 6; 3R T B BT THTG 0T 5|

MR A & Scd St o ot Saxas Y Wi S & Jod &1 Ueh SHR&d 3eh-H [AdhRid oA
B, SATHT-ATHT SH TTEeY 3R U fagey & fore ofifprm wrt Swr &t ufRkeorr & 718 ]

ST @it S TR faftrs tRitex & yuTa & Hedics & SMYR TR &R ST & THTAd = aral 3R
aNTae, T, 31 g1e 3R U fagy, &) uga &t 78 8, 3R RIRM wfaR & drem @
THiREe ReRMRT TRATad 31 7T ¢ | fexrses sriiRed ReRMRT  T0MT &1 15 @R ST &t ga
T S & U IUA o THH UHerg § W b1 1S B

SHPHH @ S & fog e sefiRed sexm &1 gaRed dfdetH g afafifodl & &1 7% 3
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