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NOTATIONS °

~

average rotation in 2 plane normal to foundation
surface dus to bending moment load .

average deformation normal to foundation surface

due to normal load

average deformation in plane of toundation sur~
face due to tractive or shear load

-

averaqe rotntion in plano of foundation"turface—

due to twisting moment load

average rotation in a

plane normal to foundation

Ny

surface due to traotivo Joad.

average deformation in a plane o£ foundation due

to bending moment load

Pbisson's ratio for‘\foundation mateiini

modulus of elasticity of zaundation matcrialh

in direat stress

Ve

-~

4

short dimsnsion of londqd'urna ab

P

v

_normal or tractfvi load per unit area

long dimension of. loaded area ab

_bending moment, *n dixnction ‘of a, pur unit

1on9th ot b = pa®/6"

normal !orco.po:‘uhitflonjgb of b~ pa.

4

.

]




T

" by the circlu

V = shear force, in direction of a, per unit length

, of b pa

My = twisting moment per unit length'of b pa’/6

‘M, = moment in vertical plane A

M = ‘ﬁoment in ‘tanqential plane

M = -moment in horizont:a‘l plane

H = taﬁ'gentiel force

vV = hér’izqntal force .‘tn ivart;cal plm - '
W = vciprtieul force . |

'@\. and @ are at right anqlu to the

diz:ecticns of tlgp toundation defamatiom not ‘designated

o

. ' v .
1 ) , I

b, = mq‘uiqrmv.omnﬁ in s‘r‘o.rticul pla‘;;"
9, = anq'p,l.ar movement in tqﬁgontiulfpluno
b, = ;nqular mav;mmam; in ﬁorizont;:ijiar;o ’ \
A, = tangential hlovpn;ont L
A, = »‘bgriiom::ﬁll"hbs?:mnﬁ/isi'—i?or:nc‘g":l"gighh

: "»A . yertical movemant.
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Id,{lkki dam site, located in a narrow gorge of the

L

Peryar River vallay in South India,has s teep banks e‘xtend- S
ing 1,100mft, above the river elevation. The width of the

‘valley varies approximately from 30 ft at low' water level

at elevation 1,880, tb 1,050~ ft. at elevation 2,400 ft. \ ,
The shape of the dam is defined by hor,tzontn parabolas thh
fogusses following in a verbi{al plana polynomial curve of ‘

" the 6th dagree. Arch at crest of the dam, which is located '

at elbvation 2 415 has a 1ength of 1, 175 £t, Theé height

of tpe dam is 535 ft. at crown section. ' The maximum. water .
level is at elavation 2408.5 £t. /The geometrical dafini-— b
tion and other datails of the dam are shown in Plates 2 ”

1

to 8.

The “analysis .of the ard®dam vas -done using the
'Prial Load Method'. In this method of analysis, the dam coor

was assumed to be replaced by a number of horizontal and

vertical sections called 'arches' and 'cantilevers’. This .
éyséam was assumed to occupy the entire volume of the dam. .
The analysed structure then beaame a grid of intarsectinq

arthes and cant:l.lavn:l (design el.u;‘nts% . | : .




¢, . " X —

The horitontal loads du to water pressure were divided out

between the two eydtems of :lements in. such a way, as to

] .  satisfy conditions of equilibrium, and to produce equal arch

‘ ~-‘ and cantilever deflection at eac crogs p‘oint‘of the loaded .

structure. | The vertical load including the ueight of the

A water on the face of the dam, as well as the #Jeight.of the
Py

/ concrete, were aeeigned €8, the cantilever elgments and: were

assumed to be tranemitteci—‘t‘é‘ the foundation. Singe the

vertical construction joints in the dam were 'grouted before

water load was applied, the structure was considered to act )uq\
‘ »

as a monolith and that arch action began as soon as the

reservoir was loaded. )

&

- 'l‘he ".l‘rial Load Method' was able to handle all load-
)

ing conditions of the dam ex when the dam was empty, and

the action of the earthqua e was upstraam to downstream forc- ’
ing the dam to move-upstr am. In this partioular case,

D gin . the arches were pulled upstream, they were under tensile’
stri;/conditione and by the assumption that tensile strength
in concrete was to be neglected, could not share any load, /
thus leaving‘ the oantilevers to take. the »iull earthquake
load. 'l'hi_s report q!eals with the’ 'Independent Cantilever
Analysis' and the analysis and design of the 'Reinforced
- Arch' to withstand the effect of fthis pertioule; eartﬁquake‘

action, L » _ 2
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FIG. 1.2 Idikki Dam. View fro.m:upatream'.
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* . CHAPTER II

INDEPENDENT CANTILEVER VIBRATIONS

o The arch dam was constructed in,blocks with veftical ¢
constructlon joints in between the two adjacent blocks. The
blocks were 50 to 55 ft. wide along the length of the arch.
f;ese joints were later grouted with cement mortar, when f_
the heiéht of the block reached a certain height‘Pf 60 ft. S

to 90 ft.
.

Vibration tests‘on earthquake resistance model of -
an arch dam carried out at the ISMES laboratory [8].brought
out one particular posslbxlity of failure. Under partial or
no storage conditions, the upper part of each block whlch
was not pressed together by the hydrostatic force has 3 ,,‘
os?illated as qu{Btemwgf indeﬁéndent_cgntileyers. It has -
to be noted that the shear keys which provide links between
the block; were not reproduced in thé tests and, the failure
occurred only after the loosening of theNzantilever g}ocks.
Even though the shear bgxes and grouting could help re;aih
the bond between blocks to a certain éxtegt, due to the’
severe vibration and deflection of the dam under an earth-

' ’ -~ A
quake 0£'0.05 G or more, reliability\pn the shear keys was
somewhat doubtefinl.

"‘{ N



. ,
N "

The MOgt'obvious and economical solutiaon would be

to retain enough water in the rese¥voir to keep the struc-

ture pressed together by~hydrostatic load. At the time of
investigation‘}t was not clear whethér the field con&i%&pns

would allow such a solution, to have water impounded at all

.times, even duriflg construction. )

among different potential solutions, an arrangement

_which would prevent the excessive upstream deflection of

-the cantilevers under combined effect of gravity ang‘earth~

quake was ‘considered as a possible soluéion. The concept
was to provide.a continuous steel reinforcement running

fhrougp the blocks and joints. The result was not a steel
loop aubjectea to deformation, bué a 'Reinforced Arch"on’

whiag_ the cantilevers 'can rest when pushed upstream under

7

earthquake conditions. . o
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) . '
o
- " .4
-~ .
. c v X
]
' L] \
«
, Y,

3
i
3
4
\ 3



. ¢ '
\ -
D
| , !
‘ . ( \ .
: ' v
""\/ ' ’ - — —."" ’
4 d B B &
. ) —s ',.'K fl
N f“"."‘" - . ‘,
' LTI '| R :.‘: . e
. ! ' "'j‘-‘! A8
{ Iy -1 Y it >
i vlg’_‘r:.. J y f € g' )
’ h ' W9 ; .' ooy ,o"";‘ "' ». j '%& ,,
. N Sl Ao, p? Limy P ki
-~ 5 YO\ Y o r- l-r m’! , ‘:l:;‘\ . St .
L 4
X ~
Independent Cantilever Failur
4
¢ (e)' - ] m (
. | AW (
' : (8
{- ‘ of- ’./ ) . (
' i |
! obm s a0 . ' ‘
N : HEH i am_‘ (
. . ® 0
$388 = (
4 [
e Y
L - 40m
¥ T T . /
. ' (i
4 - -
: - 4
Y
* s 4 (9)
{ 3
v ’

FIG, 2.1 Reinforced Arch - Rapel Dam
*

N
- . *
. ‘

i . WNH

VP St s T S Nt

LEN
" Sazeee
.
[ -
.
“
.
. k2
.
%,
’
- ™
° -
¢ 0N )
1
»
- "‘ .
- .
.
.
L3 -
A
-
.
.
Arch Dam

Spillways '
Joints and Shear
Boxes

Intakes
Antiseismic bars

¢ 32 mm Groups -of

6 or B bars -

L9}




\
N .
.
]
.
'
< F
-
v
. /'l
.
~ K -
e -

T
n
v
. PN
& ' .
-
¥
'
v
ot D t o
oo .
.
. .‘
v
Ly
.
. N

"




" CHAPTER III

POUNDATION AND ABUTHENT DEFORMATION CONETANTS
7 \f‘ ' *
| L , ,
; - | R

The development of tha/diaqramn and formulae for Q.J

foundation deformastion are &iscuued'in this section. When
i the elastic movements in the !aﬁﬁ;;tipn and abutment rock
‘ are inoludé%, the Stresses are ﬁsdullj’dacpdaned at the -

abutments and foqndatioh, but may be increased in other parts

"

" of the structurs,

3,1 ASSUMPTIONS

- v
.

-

The followihg are the major assumptions, to

erabuuta the :oundation conntantﬁ.

- s

1) ,Foundation deformations are 1ndnpondont o! the
shape of the foundation surface,

2) Movements of a foundation area are dun only to

the loads plied airectly on_that area.

- ]
® -

3) WAtar.lbad-' the reservoir walls do'nbt
cause differential movements at the dam site,
In other words, the effect of resexrvoir water

. lcad on the foundstion and abutments are dis- 'z

L | vregarded, Lo m S R T

, Thus the dam wa- auaumod to bd luppoztog by LY Qf;m‘ﬁ
uoriun ot indupondtnt lpxinql.' fhc Qlastlc oonntnntn o! |

v
. L N

AR vy
ARy T g
Ve R A




v i

the springs were détoxmiﬁed bfl‘ xotc:cnct; ’to detormation of

an infinite foundation with planeﬂhhxfaoo. Based on these

basic relations, Dr, Fredrik Vogt (Vogt, Dr. F:adzik "Veber

die Bexechnunq der Fundament deformation”, Det ﬁgrlke Videnskaps
Akademi -oplo, 1925) doveloped equations for avoragn dctorma-

tion of the 1oaded rectangular area of the foundation lurtnca.

¥

These fundamental equations express deformation due to a
" . - ' 5 \

bending in a plane normal to 'the syrface, a-force normal to
the. surface, a tractive or shear force in the plane of the

surface, and a twisting moment in the plane of the surface.
. ~ . '
Using these equatjons the deformation of a plane

raéténgular foundation surface !ar‘varigul‘typau of loadings .
can be evaluated. For eass of computation, each fundamental
foundation equation is transformed into an expression that
includeé a function of two variables, Poisson's ratio and .

the ratio of the diman:ion{ of the loaded surface. This

function is multiplied by two or more constants to give

!oundatioﬁ deformation. In order to determine these !unation-
rapidly, curves have been developed by the Unitod States
?

Bu:aau of Rnclamation, covn:inq the range of valuas usually

encountered in the concrets dams [6], These ocurves are ra-.

'printod and shown at tha end of this Chapt-r, in Diagrams
3.2 to 3,6, ' ‘
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3.2 DEFORMATION EQUATIONS

\ N
.

Wt s e e rTm

'The(devalopment of the eouations are based on a
| uniform distribution of load in the direction of the long
dimension, b, of a loaded rectangular area. (See Fig.B.i,

page 17 ), In the direction of the short dimension, a, 3

the diatribuﬂipn of loading is Iinear for moment loadxng
and uniform for shear gnd normal loadinq. Satiefying this

¢gndition, the average deformation of the area for any

typg‘of load is a function of the shape of the area, the

¥
load per unit area, and the elastic proparties of the - ‘S;

foundation material. The following equations qive average
deformations-in terms of thess variables. The shape of

the area-iaiexprasaed by the dimensions. a and b, the load
per unit area, by p and the olastio‘proportiea by 'u! ,
// g Poiuson'o ratio, and Ep¢ the modulus offhlaotioity in

direct stress. . ‘ . ~

ol = (l-u’)—ﬁ;o% [gfaﬁgl::_l . 3.1.{.5’_*5‘5'"‘; (al+3/2b) _
X a

_ .8 ,L'fi*?B'Z‘;i- (altb?) . %._b_,log (At /atFBT 17 (3.
a
\ ‘ ' . ;‘/
] . :\\ N /

. ©, B! = (1-‘43)-5-— 2 [aolog (-—:L—/:—EE—) + be 109‘(.‘.‘__";.5',:.:.—.5:) -

P

e

[

. fi’l ] s a"!' "] - - | " (‘3.3),/#‘ L

"




S

13

valtbly oy, log (E_i_ﬁ:ﬁ:Ef'

(1= uz)-§~'-[{a log, (

<
|

ST

. ' “-
=2 T2 2_02y S | ; -
_ (va*%b T(Zbia; L= (2bl-al)yy. (3.3)
1 24a . 5a* _'3a" _ 9a® ~ 48a
' = . [(90 - + - + ) + u(90 - + .
-EE 30 7 pr o gpd  112b* B
. 7 + 155’\_ 15a* . _63a’ ) _‘uzi24a _ loa? . 12a* N 54a’,
3 ' b 8b*  112b° b b Bb*  112b*
- / ‘
/ .. (304)
) - 1 .a’+b’ -1.a 3b
o!! (1"51'72\12)'%;[1 o {4' 1 'tll} (B) - = - N
2 2 ‘
b\ a*+b a al+p?

-‘(g) 1?9,(—-;;~) + g 1096(-:;—f)}] (3.5)

ot (leuzul) BeBry o L (q.8%b%.. <1 a <38

Y'Uw (l-u 2u)-§;,gc1 7 {4 = tan” (B) = - .- D
4 o '
Dy 4y (22+b? a, . ad+b? -
(2 log,(-—-—-—-ba ) + & 1?%(--——-“, 13 (3.6)
- Rapxucinq b/a by X ‘
. U (l'N‘)iE—' (VI: 32(3 -14x -23“) + 15%% + 2x® =3 +.

' + ngtagg (At /IR R
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14

g’ = (l;uz)—%-'%-afloge(x + /T + x?

T-—z-;

et
— 4

"

vIFRA) S -1 - !

- — ] (3.8) .
- - - /./ . ' ;
. ) |
3
2. ; . Tin2"
‘ y' = —-g—-'%'a[(l-uz){loge(x + YI#x*Y + x.-loge(-:!'—-t-——t’-f—) (f
R" . ‘ x i
A3
" VTFRETY - 1 - x). - ) TR :
. y; 4
. ) '.‘ N\
; ‘ 2 2_ - ] N 1
a _ (Vx T(2x3x1) =2x’ + 1 44 (3.9) C
\\: < , i
P \ ° -
§' = Bk [(90-“ 423,09 ) + - 3
~ . %R T X .x2  8x? 112x* ‘ ;
. | %
48 15 15 63 ' 2,24 10 ’
+ u(90 - o+ - + - us( - = ¢ :
X x?  8x'  1l2x* X 0 ox? ~
'l
4 b 22 54 )] .
- 8x* 112x* -
" . |
' cp-2u?) £ [1 - eant Ly - ax L
u" m (Ll-p-2u?) B [1 = —= 4(2+x')tan” (3) - 3x
* ‘ i )
, s L1 iy
w - x"loge‘!‘-’-‘-?-:-) + -ijloge'(.u-x*)}J - \ (3.11)

»

Lad
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[

T (i"”’z\“z)x‘%;% [l - ‘_zl;r_{4(lfx2‘)tan'l('.}]-"-) - Ix -

e

- ]
/ ” ' ‘<
.
' \ - 2

-

- 5 LxM 1 ex?) }] |
x .lcge( 2 )1+ ~ loge(l+x )}] . (3.12)
o = BA[(1-u%)a] (3.13),
. ’ ERaz . . .
kd ’ : A N
g = —g-{(‘l-uz)BT T (3.14)
R , .

’ »
y' = _%’._[(1-“2)3 + (p+p?)cl . (3.1%)

o R e
’\ \ d v. -
’ !
™ » §' = lT— [E + wF - p3G] (3.16)
- ] A 2
al! my e [(1-u=-2u*)D] (3.17)
- .' R
/ . .
- 1ow [(1-‘,-,/2‘;2)1)] (3.18)
o Ena , R
) R - » o
- The expressions in bimckets are functions of

~~_ and b/a. Replacing these functions By k and making a
equal to T, ;ﬂidth of dam, equaéiohs (3.13) to.(3.18) become,

for moments and forces of unity, per unit length,

Al ‘. - *
. R i ,
Y v - < ‘ ! o L e
. R PR ' v
.

w*




different except for Eguations ,3.23) and (3.24).

B' =

105"'.

ia" =

.Y".

X

R

9

k_.
E‘R‘

k
EgT

[ : R

|where k

where k #=

:ﬁhere k =

o

£
o
om.
¥
(1]
7;“‘.
]

where k, =

where i =

(1-p2)a .

(1-u?)B

(1-p?)B +

(p+p2yc’

-

(E+uF-u*G)

(1-u-2p*)D

P

(1-u-2u*) D

>

Note that expressions represented by k

3.3 DIAGRAMS ° °

N

Va;ues of k.

K

(3,21)

(3.22)

(?:a?)

‘,j

.(3.24)

are

9

in Equations (3.19) to (3 24) were

computed er different cqmbinations of u, and b/a Or X,

' application of curvqs to the analysis of a unit element of

and these curves are shown in Diagrams l to 5.

‘For the

e
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a dam all the curves were made for a unit element whose
RS — -

dimension T (see Fig. 3.2) was less than the dimension

‘ a of the togal area.

N 3.4 SPRING CONSTANTS .

~

s
~The above deformation equations contain u, ER'
- ¥

p and the ratio b/a, which is Qéterﬂ;hgd as follows. . }
. : \ . :

Consider the surface of contact between the dam

P

and the foﬁndation, developed and plbtted, as in Fig.3.2
with the axis as a str%}éht line. This is replaced by a
rectangle of‘thé same aéea and approximately the same pro-
portions, caiied the 'equivalent developed area'. The
‘ratio of length to width of this'rectaﬁgle is taken as the
b/a ratio fér the foundation in question. The value of
b/a is, therefore, a constaﬁl‘for any.one dam. In comput-
« ing deforﬁations, the width Sf a' in b/a is made equal to
'g T, the tbicknesa of the'dhm at the elément'cons%dered,
" thus makinglb' equal tq (b/a) x T. | *

o

P -
The reasoning behind this is simple. Movements of

the equivalent developed area are assumed equal to move-

jenbg of the actual foundation. Then by taking the ratio,

: ) . v
length/width, of this equivalent area ad the b/a value hd
. b
4] N
throughout, the average of the deformation of all elements -
-

equals the average deformation of the equivalent developed

area. This follews directiy from the fact that the bhly

F




variables in the equations, exclusive of moment effects,

are the b/a ratio and the load intensity.

ce the ratio b/a is detern{ined for the dam, the

value of k can be taken~"from the curves, in Diagrams 3.1 to

3.5. It m_ay‘ be noted that‘the unit area on one side of
’ j:;e dam should be} average values for the equivaient
developed area of th‘ éide of the dam. If the dam site is
approximately symmetrical about the maximum section, dimensions
of thd equiValent area for either or both s%(&f the dam

are a and b/2. For thJ.s reason ratios l-’-é— and are to

be substituted for rat:i.o b/a in obtaining some_xalues from

the curves. ’ f’\ ‘ af"

For o Use

a',a",y',y" ratio b/a

. ¥
B',8! . ratio l—’-é-z-

@ 'ratig‘}%
. - « .

. . .
< 0o P

where and @ are in the tangential direction.

4

/ In Idikki Dam the follo&ing parameters were

r

3.




- NRaet

ER = 3 x }o“ lbs/8q.ft
o= 0,2 - R

b/a = 11.5
= 50!

3
S

- where

ER = Modulus of elasticity of rock

p = Poigson's ratio

Lb = Length of block

\
<@

The spring constant KMZ (moment in ft.lbs.per unit radial

rotation) for any block can be éalculated as follows. <

(1) sample Calculation - Block No. l (See Fig.l,l)

" For block 1, T - 67.0 ft.

T v, - 84;0 degrees

-~ ™

From Equation (3.19)

af - k

' . 2
, ERX'I.‘

~ A ]

From Diagram 3.1 - .

k = 5,35 for b/a = 11.5

‘ gt —5:35 x sin 84.0°
, Lo .3 % 10° x"144 x 672 % 50

.e
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L = kMz = 1.82 x 10“ £t.1bs/unit
a' . rotation in radians.

©

Similarly, the regt of the foundation constants were derived
| {‘ ) ‘ 4 ) © : .
> using the corresponding value of T and Xk, and ares shown '

| i ’ L) 4 - ’ ™

| in Table 3.1,
- | X s -
(2) 'ranq_c;xtial Direction

Bince the foundation constant was in the tangential

Ve

direction, 5%- was used instead of b/a to enter the

curve in 'Diaqram 3.1 to evaluate the k value, that is,

h for | “ ) : ‘ -l
o 97 = 0.17 K from Diagzam 3,5 is 1.5 )
o' = K siny

2

1 / Bp Ut T . -

. i = KMy
- T
e T SERIL' T . ‘
1 - “Reng 4 ;

(3) .Sample Calculation - Spring Constant KMY - -
. ' . © Block 1 (sse Fig. 1) '

2 . . . »
E
b

(% ) . ' . ,
. . 3 % 10° x.144
‘ kMY = 1,5 %

- 4, 05 X 10“ £t.lbs/unit no;ﬁtion in:
S radians *

S : 4 )



A The constants KMY and KFY are also shown in

| Table 3.1 for all the blocks in the tangential direction.

s L J

<

: TABLE 3.1  FOUNDATION CONSTANTS. cmw:wvmn
¢ T ELEMENTS

. e )
Block RADIAL DI REC&'ION TANGENTIAL DIRECTION - . .

“ NO. KMZ X 101' KFX x 1.010 KMY X 101' K“ X loll,'

o

{\ -

»

-
]

ICE Y CPLT LY RELY ¥F O
- - - - - - * - - »
NUDAN DS
oMoOoOrroOorHO
- - - - - - - - - -
OCRVD DOV S D
N FW V@MU &
- - - - - - - - - -
LEO B $S B S O ot OV D
HMEOWONOOHW!
OHOFHOHFOOKO
- - - - - - - - - 'I -
CMN@DIDEOOSc

4
oo
OWW-JOA I &N

\ . 2 ‘, . j
& *
Note: All unite are in feet and pounds,

x’.,‘,

(4) 'Foundgtion CQnstantn - Abutmnnt

The £o;}owinq !oundatian oonntantn !ox unit hori-
sontal alomont wers caloulated uuinq tho same procedurs as
that,o:‘vnrt;cgl elements, | D

"'




_ : A : T
S ' :
» R 24
T o
. ' TABLE 3.2 FOUNDATION CONSTANT. UNIT
v ® . HORIBONTAL ELEMENT
"\ R
| . Right Abutment Left Abutment
| - oo
. KPX = 6,41 X 10’.x41\ KPX - 7.63 x 107 xh | .
‘ - KFY = 6,41 x 107" x h KFY = 7,19 x 107 x h
KMZ = 1.44 x 10%! x h KMZ = 1,74 x 0%} x h -
Using the thickness of the arch equal to 30 ft., ]
the following constants were obtained. ) ;

. TABLE 3.3 ARCH ABUTMENT QNB?AN!N

Right Abutment left Abutment §
‘t: ° ! y .
-KPx = 1792 x 10° KFX = 2,28 x 10°
KFY = 1,92 x 10° | KFY = 2,15 x 10
KM2 = 4,32 x 10'* KMZ = 5,2 x 10%% . | |
e
LS

|

. NOTB:  Units are in feet, pounds -and radians

P v
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earthq?ake intensities.

istresses are shown in Tables 4. 1,

-

ek 3 L e

CHAPTER 1V S
- §
STRESSES IN THE ‘)AM DUE TO EARTHQUAKE

- IS

-

> ‘ ) .
. The stresses in the cantilevers were calculated

with the dam complzied to various levels during construc-

é}on, undé} the actjon of their own weight and various

T

Maximum stresses were induced

A
¥

in cantiieve}s 1 and_ﬂ«(see Fig. l.l) located in the
middle area of the ddm havxng the maximum helght. The
4.2 and 6 2 Singe the con-

crete is capable of re31st1nq only small tenaile stress, the

canﬁilever ‘'was assumed to crack. to the point of zero

,stress, so ghat the unqracked sectlons were entireJy in

"as a’guide~and not as actual.

R

!

This assumptlon is very conservative, and

compreqs:.on .

b
hence the cracked compressive stresses and the ‘length of

cratk fpalculated undexr this assumption were viewed only

(Ssee Plates la,lb,lc).

-3

Iy

.£1 = Maximum stress

[z
~
]

‘ 9.
Minimum stress(tensile) - <
‘ . /

th
n

Cracked compressive stress

Eécentripity (assuming no tension)

‘

(-f2 for tension)

t3
n

(See Fig. 4.1) . ~

7 .

' A ] !
® . : .o
£, = (1+6E) per ft
|

(4.1)

[

Ll

)

i %
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£, = §(1-6E) per ft (4.2)

—
P ————————

d a (d_L )
c
‘ 3 . '2' - E.d o —-—5——'—
i ‘ \ et \

~ -
- Y

d(3E-3) -, C o (443)

- £ 1l + 6E
A e e T A Lo W

5(% - E';d).fc = f‘-(d - x.d) '

‘ ' - . Sd-—x.dg . o T
,/()‘ . . . fc fl 3 , -E ’ l .

. o £ (l-x "
R ﬁFﬁ)‘L (4.5)

A

-

The maximum cracked cantilever stresses at any point

\

‘\ -
- in the dam are shown in Plate lc.

.
N }
N
vt
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{ 2
' Also see plates la and 1lb for\Q\maximum tensile and
compressive stregh at any point in the dam due to own weight
and under the influence gf earthquake (0.05G) .
N g |
The following example will illustrate the use of the !
| above formulae to calculate the readjusted stresses(cracked %
| compressive stresses) once the dam section is cracked -to a j
certain depth 'Lc'. (See Fig. 4.1) - | ~—~ ‘ 2
\
Examglez‘
f, = 1114 psi
‘ *
&J///\_ £, = = 209 psi
\ - £, = 200 pai
r= 5.4 ‘- ~
- 2 . N 3
’ #
S !
X = m' T - m. L 0158
E - r - 1 - -6‘34 - 244 ’ . )
31!"0‘15 ;z"zosz; ' oy
* 1/6 .34
- . :
fc 1114 —— )
. ) = 1114 x 1,1 = 1220 psi ¢ -
B W
S ,
. ‘ Length of Q;Lﬁk L, = (3E-})d . ’ ] .
- (‘732-Q5)d ' @
. [ L .232d ! 1
\ L ¥
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TABLE 4,1 STRESSES IN THE BLOCK DUE TO OWN - .,
WEIGHT (LEFT BANK) (See Fig.l.l)

L]

Tension Compression
Bloc (psi) (psi) , Elevation
No
At the At the | For Max.(Tension)
‘| Bot.tom Mafimum At the bottom | gottom | B1.Dam Completed
N - .
1 -288 | -374 1110 1880 2295
3 -441 ~-460 1348 1910 2325
5 -224 ~-232 909 1995 2355
7 - 74 - 79 589 2085 2085
9 -180 -180 . 650 2120 2120
11 -212 -212 615 2158 2155
A3 -194 - | -194 542 2190 2190
115 -141 -141 497 2220 2220'
17 -141 -141 407 2245 2245
19 ~-124 -124 375 2265 2265
21 - 93 - 93 306 2295 2295
23 0. 147 0 2328 2325
:ﬁOTE: Negative (=) denotes tensile stress
| v
¢ .
- )
1‘. Y
" , . " . ;
. * A

S

b ne wlHE

Ebaieont o ot

G ST 1, £ et 2 b
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. TABLE 4.2 STRESSES IN THE BLOCK DUE TQ’bWN
E WEIGHT (RIGHT BANK) (See Fig. l.l)

\]

\ : ’ ' Stresses (psi)
Block > x Elevation ”
. \
| S No, Minimum Maximum at Bottom
,’ 2 321 1 395 1965
4 225 407 2015
"6 170 . 377 2055
- 8 - 17 489 2100
X0 « = 60 478 2145
] 12 - 24 ‘ 375 2190
E ‘ 14 80 ) 120 2290
- 16" 50 ’ 585 . 2355
*
- ¢ . -~ ¢

NOTE: Negative(-)denotes tensile stress

b
. , (
3 .

"'
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" .CHAPIER V
\_..———  LOCATION OF THE "REINFORCED ARCH"
The readjusted comprka&ive streases of the canti-

—

lever blocks at difrerent stages of compleEIb + and undar
various earthquake intensities are oaluula?ég?and plottad

in Plate la, The 'congrete line' shows the height of

the dam during conatruction gpd/tVQ,jygfntiline' indicatea /

the corresponding water level, It may benoted that the
conatruction of the dam was atarted in January, 1970, but

only in May, 1972, the reservoir was filled with water,

and hence the stresaes in the daﬁ up to that point, correa-

. pondd to the independent cantilever behaviour. Equation ’
.(4.5) waa used in the oalculation of the block streases,
and, as& pointed out bhefore, gives only an indication of
the stresa level, due to the consorvai&yp assumptions in-
~ valved. In Plates 1,'and'lb. the maximum compresaive and
tenaile atreassea at any point in the cantilaver blocks
under own weight and unéer earth u:ko intensity of 0.03G
are ahomn,'reapeotivaly. 8ince th are the maximum at
any point, the curve zepraonta only an %Bpor bound atruta
level and not the actual unirorm stread in the dam/ The
areas shown' hatched denote the streas lbOVO the allowable
dnliqn stress in tension and compression. It can be

‘observed from the plates that the atresses inoreame very

rﬁpidiy as the height of the dam conatructad increases and -
. alao that the raservoir loading is verp effactive -1;\ biinq-

t
[T ;

.!-,/"‘_\_

W e
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J . R B N
ing the stressea down oclose to acceptable level, The
i .
effect of the reservoir filling on the stresses in the dam B

‘aanualso be observed from Plate 1C. ° Once the dam ia
full, even an earthquake intensity of 0.1 G does not in-

fluence the stress level to any great extent,

- For the location of the reinforced axch, the

]

maximum cracked comgraaaive streaa was limited to 2500 pai

in the dam, .The elevatioh—of the dam correaponding to
this atress level from Plate lc'is el.2140, ggpxoximately.

Hence, the reinforced arch was located at this level.

<

L J
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N ‘ . CHAPTER VI

« REINFORCED ARCH ANALYSIS: )
ARCH AND CANTILEVER ADJUSTMENT METHOD

\ .

 The "Arch and Cantilever Adjustment Method"
essaentially consists of equalizing the displacements of
the arch and cantilever. This analysis gives the ' stresses
indgce(i due to the earthquake in the steel locp, and it
is very similar to the adjustment method used for the

arch dam analysis.

—

The following assunptions were used in the arch |

and cantilever adjustment method.
»

6.1 ASSUMPTIONS %

.(a) Blocks were assumed to behave like independent
cantilevers, elastically supported at the
bottom,

() A portion of the dam between the horinoﬁ{:al ‘
sections at elevation 2155 and elevation 2125
was taken as the arch which partially restrains

the gantilever movéments.

(0) . Blevations of the bottom of the cantilevers

‘were fixed on the basis of the blockings.
bt

é

*
M n'
0y i '
.



39

N,

N

(d) Cracked concrete stresses were calomlated assum~ ‘ ‘ ‘:

ing concrete cracks to the p;)int of zero tensile

ey

— —

stress.

e

(s

14

| . 6.2 TRIAL AND' ERROR METHOD

e

'In this method the displacements of 'the cantilever
un;ier the combined action of its own we'ight/and earthquake
were calculated at the reinforced arch level (e1.2i40;)’ ) .
and plotted. As the first trial, the.arch‘displz'aceménts |
ware assumed and plotted on the cantilever diaplacements-.
A positive difference between'the cantilever and arch dis-:

placement would mean a positive cantilever load on the arch, '

This means in ourﬂ case a pullson the arch upstream. A

negative displacerﬁent gsimilarly gives a load on the arch
towards downatream. The differances in the diaplacemepts
'(misrits) were ‘convé:ted into positi\;e or -negative arch
< « loads using the elastic propertio.a of th; c@‘ni:ilever. Using
these arch loads g:he new arch, diaplacemanﬁi were éaloulat;d
and ylottad/: Fronm the difference be’éween ﬂ?g new arch dia-
pla:ementa ‘and cantilever displacements, the néw misfits, \
and hence the new arch loads, were calculated in both radial
and tangential directiona, The trials were xeﬁeated until
. " the difference between the two arch displacements became
negligible. From the final arch displacement, the final *
diffaerences between ‘the arch .and caqtu.vor displacements »
were cobtained, and hance the arch gnfl cantilever loads were

e N L]
TR

A N




calculated. ‘The results are shown in Table 6.1, 'In this

trial and error method, ‘even though good résults were
obtained in the radial direction, convergence in the tan-

gential direction was more difficult to obtain.

Y

6.2.1 Unit Load Method

3 -~

. This method involves the solution of a’‘system of
simultaneous equations. At the reinforced arch level,
there were-lo bantilever"blocks, and ﬁence the arch was
divided into 10 segments for the anFlysid. Displacements
in the radial and tangential directions were calculated
for unit radial and tangential loads acting on the arch,.
/For the purpose of the analysis, the arch thibkness was
taken as 30 ft.. The cantiigfer d‘?placementa were calcu-
lated for the unit radial and tangential loé&s, unié loads
being applied at el. 2140 on the canti;averf A system of
20 eguations w;a obtéined w}th 2Q. unknowns. The solution
gave the 10 radial loads and the 10 tangential loads on
the arch, from the cantilever. With the arch loads, the
stresses in the arch and the area of reinforéement were
calculated. STRUDL-2’ computer program4fas‘uaed‘for the, -

calculation of the displacements and another computer pro-

gram for the solution of the simultaneous equations.
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|

J 6.2.2 Adjv.;stment Eqhations

Y

a

In. the arch dam, the cantilever and arch deflec-

tion of any point which is common to an arch and canti-
plever 'will be the samé_. 50, where the .independent cant;il‘h-ﬂ

léver deflection is more than the arch deflection due to

¢ earthquake or own weigh?:, the cantilever will be restrain-
s - -
ed by the arch, and where the arch deflection is more than

E X S Y I

t}\e cantilever déflection, the arch'will be restrained by

the cantilever.

The principle of the arch and ca{t;:ilever adjust- - §
ment can be explained as follows. Thg final arch deflec- ~ ’%
tion at any point is equnal to Vthe total cantild¥ar deflec- §
tion minua the déflecti,ion of the cantilever block due to

\ the 'pantilever load from the arch. That is (éee Fig.6.1) -
4 5
- : 10 3 c c . : >
- jfl Bj .di = A\i - i 4, © (6.1) o ; )
(‘“ where . . ¢ ;
J P3 = Arch load at the sth- segment of the arch i N
dj ® Arch deflection at 'i' d\ie to unit load /
i at 140 o
A By o= Load applied on the cantilever block 'i'
. | by the ax_cch‘ ]
di - Cant‘l‘lever hlock defléction at 'i" due to “

unit load . & ‘ ‘ X
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H - * ) T,
[ T N
| ot . - ?
| . B = Total tantilever block dbflection due to
i o _
b earthquake' and deadload action at ‘i’
. 5 |
. %Using the above logié‘, a system of 20 equations
can be obtained with 20- unkﬁowns. Let P, ‘\tb Pio \ée
C the 10 radial arch loads and P,, to P;o be the 10
! ’ ) . “y f
?l ! _ tangential arch loads. Expanding the basic formula (6.1) ‘
l'l ‘ N . ‘ '
’ ' the following equations were oPtained: s Co
; L Y N R L,
_ - o 2" ‘ s B 10 ’
, ‘: . oy . 1 i 3 10 .‘ C\ - ' c
i, . P Drtl t .. Pao Drt; Al P Dr:
K . ’
. That is " L '
e . '« © ] >
“ r N & 4 'd
. R « \ . 1 c 2 e ' j ]
'51 % ) Pl(Drr".'Dr‘) + P2 Drrl ,,+ «os Pj Drrl + e B .
G- . PRI 1 10 c (' N '
.~ : ) i PI‘ZWD.I‘I'l + Pl] Drtl + s e s PZO\ Drt] L Arl (6.2) -
:lé" ) ' ) ‘o - ‘ . [ 2 . r(‘
| T o g
E o, . ' o N1 2 n © 3
? v s ) v Pl Drra + Pz'(Drrz Dra) + e 3] j Drr2 + " .o - .-
: , T 10 A . 10 c ' B
. . \ ' l 3 . -~
- . *y . é ! (
Voot ' 1 2 b 10, ©
+ + e | '
3 . S , Py Drrxo P2 Zan Pj Drrxo+ ?”(Drrqo*'.nr;o) +
’ ( - ’ ’E‘ ) ] . e
( P1a D' + ...P 10 400 © - 6.4
¢ . 1, Treyg 20 Dpeyy ’Arxn - ( 4)
2 » ' |
3 . " ] N . . %

s . ' 3 . . P . .4 [N
B * v .
\ ¥ ' l
L] . .
. . L
& . .
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‘ [
' 1 2 3 10
P Dtrl + Pa Dtrl * e Pj Dtrl + e Plo Dt e
! B xo c
™ or ?
f 1 2 ) 3 10
f ‘ ! '.Pl Dtr! +sPaDtr1 + e Pj Dtr] + [ Plo Dtra + PR
} » .
} . 1 c 10 c “
1 ‘ . P“(Dtt; + Dtx) +~... Pao Dtt; = Atx {(6.5)
E" -
| ( . ‘ a W .(/
1 g 2 3 10
Pl Dtrz + Pa Dtr:2 + [REY “;I’j Dtr2 "'. .8 Plo |Dtr +# R
r . ' .
S 2 c 10 .
P“DEtz +‘P13(Dtta + Dta) + e Patht = A (6.§)
i
Py D} o+ ] 2 4 ... 3 4 1o
P, try g P2 Dtr1°+ Pj Dtr;q + Piag Dtr” +
3 ’ T, ! X |
) 1 c e .
‘ Pu Dy lo+ Pao(Dtt 1+ D) =S, (5373
» where ' -
! N :
, ' . Px - P;¢ = Radial arch -loads (See Fiog.«“G.l) ) .
N ;w ) Pu : Pgo = ’fangential arch 4loads
| o rrj = Radial arch jdeflection at 'i' due to
3 i . A A ’ ’ %
) . - Radial &rch upit load at j)! ‘
J “
. . . - . »
: ‘ thj = Radial arch deflection at 'd due to TN
~ i R - .
A " - . tangential arch unit loadat " j . ™
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FIG, 6,2  Cantilaver Element.
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Dtrj = Tangential arch deflection at i
i - <

due to radial arch unit load at j ¥, ’

Dttj*‘ Tangential arch deflection at i due
i3 ¥ :

to tangential arch unit load at j . ‘
3
A ‘ , ‘-
orz = Radial cantilever deflection at i due e
to radial cantilever unit load at i f
Dtc " Tang;ntial cantilever deflection due
i /

to tangential cantilever unit load

4

)
A_® = Total cantilever block deflection due

to earthquake and dead load action

A, © = qotal cantilever block deflection in

the tangential direction due to earth-

guake and D.L. action

TQE_polutlon gives loxradial irch loads and 10

tangential arch loada. Using these arch loads and the

boundary conditions of the arch abutment, a computer
analysis waa made to cbtain the ‘infernal atresses in the ’

arch at varioua aagmenta} The 'computer input and ouhput.
6 :
are shown in Appendix A. \

a , ‘. (x:t
A compariaon of the arch loads cbtained from the

trial and error method and unit load nethod are shown in

.
¢ . 1 i
« ;

"’
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A
‘. .
: Table 6.1
¢ ' From’Tabie 6.1, it may be noted that the radial

" loads .in both methods are verysglose, but the tangential
E'U . loads in the trial ané exrxror 9ythod need furthe;‘triala
, for,convergencef - 3

Y
- . TABLE 6,1 LOAD IN THE ARCH ELEMENT '
- * ’ .

—

~ ' Arch lLoad ifh kigf
Segment . - .
No. Trial-and Rrrox T Unit Load
Salution o Solutigq *
Radjal Tangentiai Radial | Tangential
10 -9050, =-11400. -8536. |- =20016.
8 15200, -8700. 15216. 25317,
. 6 3200. =-3000. 3005. -4340,
‘ "‘1060. "‘3100 . *}"‘11900 ‘3350\ 1. ’
‘500' ‘1‘00| "‘“50\ “1510‘
8400, -19, 8420, ) -40, - . i
3 8700. 1no. 8740, 93,
IR 9000, 1200, 8980 . 1146,
] 1800.. | , 4400, | 1620, 4363,
: 9\5 -1900§ . 20800, 1920, 20235,
N
% 2
. / ‘ , N
v i
12 ! - ’
'e




TABLE 6.2 STRESSES IN THE DAN UNDER RARTHQUAXE
INTENSITY .05 G WITH REINFORCED ARCH
(See Qig\ 1\1) *

—~,

e
Block Maximum Maximum - Blavation
No. | Tenaion Compression At tha Bottom
4 . * v
4
1 -301 1221 ;1882 .
2 - 58 629 2015 '
3 -358 - 1217 ’ 1910 -
4 158 444 2015
.1 -138 i 807 1995
6. - 13 | 560 2085
7 =160 711 2080
8 - 88 538 2085
9 -241 668 2120
' 10 .=106 520 . 2145
1l =248 - 644 2188
12 - 92 7 618 . 2190
13 -217 . 564 2190 /
14 60 134 2298 '
18 =160 ' 435 ; 2228
16 46 60 2388
.17 -149 Qd \ 2248
. 19 -121 ' 356 4265 ,
A =11l 325 2280 4
23 -140 . 303 2318 . ”\
» . -

"' ) ' .
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CHAPTER VII
CONPUTER ANALYSIS AND

SULTS
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| COMPUTRR ANALYSIS AND RESULTS
STRUDL-II application program was used for the
axrch analy?ia. The matrix aolution gave the arch loads

which were used aa the input to the arch analyais program.

The STRUDL-II program data and answers are given
in Appendix A, The axial tension, moments and displace-
menta from theae results, are shown in Drawing No.l. {/

From loading-3 RADIAL AND TANGENTIAL COMBINED, mwember 5,

Joint 6 has the maximum axial tenaile force of 28210 kips. .

Towards the abutments, a part of the ‘axial forces was

.taken by the cant@evers by tangential deformations accord-
-ing to theimuatiffness. Hence at the ends of the arch,
‘the forces were reduced to 1122 kips and 2361 kpa atijoints’

1 and 11, respectively. The twiating momenta were rela-

tively very amall at the centre of the arch but'quite conaid=

erable towarda the. abutments. ' This ia largely dus to the

fact that the elasticity of the joinpa was not conaidexod;

and in fact & large portion of thess moments in many joints
will be traﬁatorrod to the oaﬁtiln x bloctg<;u twiat

N nonents . - VA

The maximum shear atreas was 70 pai. .
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CHAPTER VIII
DESIGN OF REINFORCEMENT
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CHAPTER VIII -
DESIGN OF REINFORCENENT

Using the computer output, rsin!orc_emem: was

designed to take the tensile force in the arch.

The reinforcement was p}ac%d off~centre of the
arch centre line 3o as to avoid, to a great extent, the ¢
formation of twisting moment in the saction. Drawihg'

No. 2 shows t)}é reinforcenent details,

/
/

8.1 Dn'ruwﬁ DES IGN d
Ua/inq dc!o\x\.-\md b%(so ksi yield atreass): "
Joint 61/ ) | i N\
" /éaximum Tension . 5 = 28.\10 kips
< / Allovsble streas 80 = .
" of yield streas m § % .8 = 48 ksl

~ Area of steel required = 588 aq.in, say 590 lq.in,
/" Group of 6 (36 mm) bars

/  -axea o - 9.45 agdn. ¢
/ Nudmber of groupa k&-' ,
/ qQuired - s e (2.2, say 63
/. Uring 7 in ono row '
/ ‘Nunber of rows : - 63/7 =9

e\ .

"




' l Iaﬁ 51
N . ’.
! <+
Joints 5, 7, 8, 91 o ‘
. .
Maximum Tension = 27,400 kips Total 63
! Area of steel =57 kips
Number, of bundles = 60.2, 82y 61
strdngth of bundle = 9,48 x 48  450.5 kips
Joint 41 \
Maximum Tension = 24,300 .
Numbeér of bundles = 53.4, say 54
/4‘
- Joint 101 - o [ .
Maxd mum Tefision - 23,100 ‘ .
—" Number of bundles = 50.7, say 51 .
_Joint 3: : . ‘ . B
’ Maximum Tension - = 20,760 > ‘
ﬁ. v \Numbu of bundles = 45,6, ny_d_g ' ‘ S
v i ' s
' ‘ ' N
Joint 2 /‘)
Maximum Tension = 12,700

Number of bundles = 27.8, say 28

[T




Bond Stress: L ‘ »

Average bond stress = 12 kg/cm?-

= 172 1lb/in?

(408 more) for de=- - . .
formed bars - 172 x 1,4 = 241

| 485000[ = 49.7 Dik,

50 Diameter

)

Diameter of a bar - . 1,41"
Length of bar - 50 x 1.41 L
- 70.5

) For bundled bars S

increase 50% = 70,5" !

. 35,25"
% 105.75"

\ . ;

length of bars - L lggf;ii , say 9' to either

. ’ . gside ‘ o
\,
tiaps: n
— Igtual
: tensile streas
—Langthuof lap = bar diamcte; X % permissible -
. average bond
stress
: - . X 3, ‘* ?
! s v s . /}\)
v‘ .
‘ ’ -~
¢ '—w\ }

ot ' CA
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— 50% increase for . "
bd&dled bars m: 30 x 1,41% 1,5 o>
. é\ - _ L 63.5 ‘ ‘ g
) o o w 5'-3}", say 5'
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CHAPTER IX

o -~ CONCLUSION
& A T
From the different poss%blq solutions, reservoir
loading was selected to ccunterect the particular earth-
queke action inducing f'rc“ea ‘in f:he direction,“ downgtream
#b upstream in Idikki Dam. From Plate 1C;it can be seen
that ehrtnquake intensity up to 0.1 G has relatively '
small effact on the atresses in the dam, ‘once the :eservoir
. is one thirf full or more. Economic and otQpr considera-
tions outweighed the probable risk of a partia;ly complet-
ed Qam under severe vibrations tending to fall into an
empty>reservqir, during construction. The possibilityqof
an enrthquake dpring Q period in which the reeervodr might
,\remain enpty, was alcc considered; But, it ‘was noted that

once the reservoir was impounded, complete emptying was -

not feasible due to tns topography of the reservcir.
: "
Neverthelesb, the concept of the 'Reinforced Arch'

analysis and design prové@llb an effective solution to resist
the geismic effect-on double curvature arch dams.‘-§uch a
solution was employed in the éeaign of the 'Rappel gam'
located in Chile, under similar earthqguake coﬁe;deraticns.
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