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SYNOPSIS. .

Concrete Gravrty Dam is a SOlld concrete structure w1th 1ts cross-sectlon '

’ 'approxrmately trrangular n shape SO proportloned that the external forces exerted on it
L are resrsted by 1ts own werght The pattem of stress dlstrlbutton and deformatrons in the- V‘
: dam foundation system are of great concern for safety and economy\case of a hlgh '. _‘

gravrty dam founded on stratlﬂed weak rock Any vartatlon m founclatlon propertres o

- would largely affect the safe desrgn of dam ' :
' ~ In this, drssertatron the stresses and deformatxons have been studled by usmgf _
2D Flmte Element Method. The study is dlvrded into 3 parts B |
B Part 1 - Analysrs of a dam section w1th varying’ rock modulus of foundatron

o Poisson’ s ratio of foundatron and foundatlon extents consndermg extemal f

. loads of water pressure and full uplift pressure o

Part2}_ ‘Analys1s of a dam section w1th extemal loads of water pressure and‘ :
R ’ modlﬁed uphft pressure. RSN N _
. Part3- "Ana1y51s of the dam section for stresses and deformatrons wrth a shear zone

‘at drfferent locatlons in the foundatlon w1th loads and foundatlon extent as -

',_‘m part -2

Result of thlS study whrch deal- w1th drstrtbutlon of stresses and deformatzons " :

have been analyzed and drscussed in this drssertanon

The study shows that the foundatlon elastrcrty and foundatlon extent affect the__- :

dlstrlbutlon of- stresses and deformatlons in. dam foundatron system Porsson S ratxo of l__'" .

. ' rock is seen to have llttle effect on stress drstnbutlon and deformatlons Tensrle stresses_
o “are found concentrated around the heel and compressrve stresses are the maxrmum
o i around the toe of the dam Away from the dam the stresses and deformatrons reduce 1n'

. A;the foundatlon ’ , _ R f . ‘
It has been seen that wnh a. shear zone in foundatlon the stresses and "

' t'deformatlons mcrease - to the max1mum when the shear zone is under the toe of the dam. ;

o sectlon

R » 'ﬁ‘lnlfénll'lijmfc‘mt llmlvslvojé'mmara flrm-lryl)am nn .S‘lmrljlml lmumkmfm.\ ;j (Ill)
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Concrete gravtty dam is one of the varrous types of dam whrch is still the favounte |

, of the desrgner s chorce due to 1ts good record of safety In desrgmng the concrete gravity -

"deterrmmng erther the stress dlstnbutron or deformatron in the dam body due to 1mposed o

Gruner reported in the ninth congress on large dams (1967) that four hundredf
llmportant farlures of dams of all types have occurred out of over 150 000 dams 33% of _: i
.Lthese farlures were due to foundatron eﬁ'ects The role of foundatron ina gravrty dam has . |
;_:been apprecrated in overall success of a water resources scheme The nnportance of uplift
;has only been reahzed towards the end of the 19" century, and groutmg procedure has
: come mto berng wrthrn the last 60 years. Foundatron drarnage is of still more recent orrgrn :
Desprte the progress present techmques of dam desrgn st111 have many assumptions,
Z;.,approxrmatrons and unknown vanables . 4 o

| : Whrle desrgmng a gravrty dam, the foremost _]Ob is how to evaluate the dam .
b foundatron system. To study any problem regardmg dam foundatron system these days,
R ".v".Flmte Element Analysrs a power mathematrcal tool is bemg used frequently This method .
needs a deﬁmte solutlon space wrth boundary condrtlons whrch are bemg chosen arbrtranly v .

‘based on some assumptlons .

'_1 1 Ob Jectives of Study

. The objectlves of the present study isto analyze

_ Stresses and 7 ‘
Deformatrons in dam foundatlon system due to applred loads
;The study is drvrded mto 3 (three) parts _

'Part 1 = Analysrs of a dam section wrth varymg rock modulus of foundatlon Porsson s .
' ratro of foundatron and foundatron extents consrdenng extemal loads of water'

pressure and full uplrft pressure

Chapterl_' : ,
INTRODUCTION e

':dam,‘ the foundatlon problems are more complex, partlcularly for hrgh dam That” is why L

T‘the rock propertles and - geologrcal features of dam foundatron have major role in .

-ﬁ‘i;rire.El_ementAnab;sm ofCo)]cre:te_vGrc_rvlty qum on Stratified Fioundations .- = . NONCE



o Introdu,ction. - o - 2
o _ Part '2 —, Analysrs of a dam sectlon w1th external loads of water pressure and modrﬁed

- v4 &oa,

water pI' essur e =

Part 3-- Analysrs of a dam sectlon for stresses and deformatlons w1th a shear zone at

T wmml

dlﬁ“erent locatlons in the foundatlon w1th loads and foundatlon extents as in

part-2

R 1. 2 Methodology

Stresses and defonnatlons in the dam foundatlon sectlon under dlﬁ‘erent condltlons -

‘have been worked out by usmg 2-D1mens1onal Flmte Element Method

. 1 3 Bnef outlme of the Study

"A bnef outhne of the mathematlcal model leadlng to the use of computer program

iwhlch is used m the present study has been gnven in Chapter - 2 The lmntatron of the_‘

model are also drscussed in this chapter

bl

concrete gravrty dam w1th vertlcal upstream face and downstream slope of 0. 8 H to l 0 V

;-Concluslons of the study have been glven 1n Chapter 4 along w1th suggestlons for‘

further study

- Linite Elet;ierxt Analysis of _Concrete Gravity Dam on Stratified Foundations

"_jIn Chapter 3 the results of all cases studled have been analyzed for a 100 m hxgh' R o



Chapter 2

MATHEMATICAL MODEL SOLUTION SCHEME N

_AND INPUT DATA B

Grav1ty dams are most commonly des1gned by method of grav1ty analys1s to ensure the

dam stablhty against:

* . Overturning
.  Sliding and
. Floatatlon | o
: tvnthout any constderanon of the foundatton propertles hence it is not capable to predlct
- the actual stresses in dam foundatxon suﬂicwntly There was a method wmch was adopted "
_in such cases. as Trial Load method (USBR) but now with the avallablhty of computer_‘
' fprogrammmg, it 1s p0551ble to analyze the dam foundatlon system by usmg Flmte Element
‘_ Analys1s wlnch is very versatlle ard some of the advantages of tlns method are: -
| : -f", . Good accuracy and rellablhty of the stress ‘and’ dlsplacement results when used .
= ldeahzed mathematlcal model properly o i

- ‘The ablhty ‘to-modify loading condmons and matenal propemes and qulekly

2SI deternnmng the effect of the changed conditions.

~e The ab111ty to vary matenal propertles mcludmg non-lmear plastlc1ty and temperature -
. ‘ "effect across a sectlon orin dlfferent areas of the model
' H "‘0-_ | The ablllty to analyze qulckly the eﬂ'ects of a change in shape
. Modeling of cracked sectlon or an openmg Jomt in the section.
. Analyze non-homogenous non-elastlc foundatlon concludmg weak zones clay or :
| gauge seams and dlscontmumes and a]so evaluate the effects of these on stress -
d1str1butlon o | -
e Accommodate cumlmear stress dlstnbutlon across the tlnckness of the dam
For the above reasons FEM analysis has been adopted in thlS study to ﬁnd the effect -

of foundatlon on the stresses and deformatlons in the dam body

Finite Ele'mem Analysis of Concrete Gravity Dam on Stratified Foundations
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2.1 Finite Element Analysis

. The ﬁmte element method based on discretization concept, is a g,enerahzed analysns
~approach employed to find variation of deformation and stresses etc. of any structure
* when determination of such distribution fields becor_ne difficult, even sqme times
~impossible by using conventional method. _ ' \

'The finite element method utilizes. the, idea :_that a continyous body may be coneldered
an assemblage of distinct elements connected at their corner. This computerized method
. has_.becqnje. a widely used and accepted means of stress an‘_alysis‘ in the last decade. The
literature of the part few Years contains numerous exanlples of specialized uses.of the
| finite element method. The reason for the ready acceptance and tremendous amount ef use

_of this method is that it made possible the approximate.solution of many problems which
| engineers had been neglecting, over designing, or grossly approximating. The inclusion of
the complex geometrical and physical property variations prior to adaptation of the finite
element method and the modern high speed di'gitel computer was simply beyond the realm

of reality. The finite element method permits a very close approximalion of the actual

" . geometry and extensive variations of matenal properties simply and mexpenswely

Because of the ability of the method to analyze specxal 31tuat10ns this is the area m wlnch
the most application has been made. _ ‘ '

s ~ The basic concept of finite element method visualizes entire structure on assemblage
of individual finite number of small regions or finite elements. The structural idealization
is only possihle with the use of appropriately shaped two or three dimensional stnlcture
elements dividing the original continuum into segments of appropriate shape ‘and size
o together with  rétention of material properties - of original system in the individual
elements, nodes and boundary condltions'" ‘Finite ‘ele‘men’t‘- method -involves the ‘exact
analysis of such 1deahzed method rather than structural approx1matlon of contmuum
which renders itasa powerful tool for analyzmg system mvolvmg arbltrary shapes and

i

 material values and boundary conditions (USBR). ' ST T

2.2 Shape Functions . - STy NERN
In the finite element, the d15p1acement is assumed to have unknown values only at the

nodal pomts so that the variation within any element is descnbed in. terms of the nodal

values by means of shape functions.

ane Elemem Analys:s oj Concrelc Gravity. Dani on St all/‘ ed Poundauons R e e
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Y

in which Ni depends ‘on the local coordinates and’ are collectively known as:fsl.lape:
functlon o R j e,
_ In this study, 4 (four) nodes’ 1so-parametnc ‘elements have! been used. A typlcal
’ two-dlmenswnal version is 1llust1ated in Figure 2.1.": For plane stress and plane strain-
appllcatlons the dlsplacement ﬁelds u(En) and v (Z;, n) throughout-the element are
[ defined using two displacement degrees of freedom at eacl_1 of the 4»nodes , such as;z::!

4.
- u=Y N;u
i=1 .
o 22)
4 4 « - -
v=2N; w; ‘ s

| The cartesnan coordmate X (‘cj, 1) and y (é‘,, n) at any pomt (F,, n) w1th1n the element are

iy
PRV

: deﬁned by the expressmns

SR )

...... (2.3)
l'.4i=.1: M '“-:f, .l' '.?, - "‘ -, .'_41{. et - - e e l‘ ‘. " Ter Feo

s - i
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23 Stram—Dlsplacement Relatlonshlp
For the .plane stress -and plane stram situations, the strain and dlsplacement

- relatlonshlp at any pomt w1thm the element may be wntten as:

.

S ey ) fawex || Pk :‘; g
e} = e, p=qovidy p=|0 /’3); o o - (2.5)

New ovl| |3z o/ |V
: ny -' ‘ L-5y_+5 /9y Ax B

T

_Substitutibn of disp_lacemeﬁt ‘from eq. 2.2 gives :
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24 Stress-Stram Relatwnslup

The stress-strain relationship for an elastic matenal in the absence of the mmal
stresses and strains, may be wr;tten as: "

(c}=[D]{e} - e

where [D] is the elasﬁcity matrix.

" For the piaﬁe-stress' situat_ions and assuming isotropic materials :

1 v 0
[D]= v 1 0 .....(2.9)
. l-v - .
0o o =2
L 2

. And for the plane strain :

'."'E | I_Q. v 0 | :

0 (a-2v)/2]

2 5 Cartesnan Shape Function Derlvatlves

The strain matnx [B;] in equation 2. 7 depends on lhe denvatlves of shape functlon N

. with respect to global coordinates. They are delermmed as follows

C[aNi) [ox @y J[oni AN
SR ISR : o @11
aNi| | oy [|N| . |aNi . ‘ -
on |. lon oy Jl& 3 . e
where the square matrix [J] is called Jacobian matrix. =
S RSO T IR STVE

Finite Element Analysis of Concrete Gravity Dam on Stratified-Foundations ™~ woren o e o4
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From eq. 2.11, the global derivatives can be found out by inverting [J}. Substituting

equation 2.3 in the Jacobian matrix for x and y,

ON1 ON2 oON3 ON4 |[ 4 1
B & & X || g
x3 3
x4 y4

)= (2.12)‘

ONi ON2 ON3 ON4
o o m on

2.6 Element Sﬁffness Matrix R
Having evaluated the strain-displacement matrix [B] and the elasticity matrix [K*T is
evaluated as..”-
(K= I [B]" [D][B] dV - . (2.13)
Numerical Gauss-Legendre integration technique is used for integration over an arca

of the element.

2.7 Assemblage of Stiffness Matrices and Load Vectors

‘ The individual element stiffness and loads vectors which computed sepzirately for all
the elements are‘added directly to the global matﬁx [K] and the load vector {F}, in
poéilions appropriate to. the’ node numbers of the. element. Thus for an assembled
structure, number of simultaheous eq uations which equal (o the total number of degrees of
freedom are obtained by its equilibrium condition of the form :

(F= KIS} . | ..'.’."(2..14')"

where { & } is the displacement vector. ‘
Necessary boundary conditions are applied and the resulting simultaneous equations

are solved for the primary unknowns of nodal displacénheuts.

2.8 Secondary Unknown

The secondary unknowns such as strain and stress at either gaussian points or at nodal

points of each element are computed respectively from the equations 2.6 and 2.8.




10 o Mathematical Model, Solution Scheme and Input Dala

The major principles stress op; and the minor principal stress oy, are determined by the

equations :

' | o 464" (TED 2, 2 , . ,
<3p1=§(c5x Oy )+ 4( 5 )+ S ....(2.15)
6,5:%(6,\-%;:,-)7 \/(i'?%‘l)urjy o L 1e)

where oy.and oy are the horizontal and vertical normal stress respectively and Ty r'sthe"

. shear stress on both the plane\s xandy.

2.9 Solution Scheme
| 2 9. 1 2-D case studies
In reality, all high dams together with their foundatrons where 1f transverse joints -
are provided, it is 2-D otherw1se is 3-D. When the structure or loadmg, is such that plane
A stress or strain condrtrons may not be assumed, the 3-dimensional ﬂmte element method
may be used.  Asthe cost of three dimensional analysis is lrkely to be, typically, in the
range of 5-10 times that of a two-dimensional approximation (and ofien much larger) the

designer has to consider whether errors introduced by such an assumption are acceptable

and on the safe side. Because of the reasoris above, 2-D analysis is capable also either of ...

ana]yzmg the maJonty of problems associated with variations in the geometry of sections; .
“of the dam or of solving for stress economically even when great detail ‘is necessary to
‘attain sufﬁcient accuracy. In this study, the structure is divided into elements of an
arbltrary The vertices of these shapes fonn nodal points. The deflections at the nodal

______._—-—-—-——a)
points due to various stresses applied to each ¢lement are a iunctlon of the element

geometry and material properties. The coefficient matrix relating this deflection of the
element to the Toad applied is the individual element stiffess matrix. These sti ffhess are
combined with the stiffness of all the other elements to‘fon_n a global stiffness matrix. The .
load existing at each node are determined. The deflections of teach node in two directiohs

it o

are unknown. The same number. of equations relating stiffness ceefﬁcients times

unknown deflections to existing loads (right-hand members) have been generated ‘The
very large coefficient matrix is banded and symmetric. Advantage of this fact ;1staken into

account in the storage of this matrix. The equations are solved by Gauss elimination.

Linite Ilement Analysis of Concrete Gravity Dam on Stratified Ioundations
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2.9.2 Discretization of elements

In this study, 4 noded iso-parametric element have been_used. The typical two
dimensional version is shown in Fig. 1.b. The numbering of elements has been done from
top to bottom moving from upstream to downslrcam.'

Figures 2.3 to 2.6 show the finite element mesh which is developed for analysis. In figure

2.3, the dam body consists of 88 elements, when the foundation system is being 368

elements. This discretization is used for analyzing part-1 and part-2 studies. Figures 2.4

and 2.6 are used to -analyze part-3 study in which the dam- body consists of 88 elements .
and foundation system has 290 elements. In Figure 2.5, the dam Body consists of 99 .
" elements and foundation system has 290 elélhents. In figures 2.4 to 2.6, the foundation
eleméms have beén shaped depending on the inclination and the location of the shear

Zone.

2.9.3 Dam Section -

In this analy51s a 100 m high dam has been taken w1th vertical upstream face and
down stream-slope of 0.8 H : 1.0 V. The down stream slope taken is almost same as the’

- slopes of the existing gravity dam sections above medium height. Detail of dam section of

some dams are. given in table 2.1. The top width of the dam is taken as 8 m. The base . -

width of the dam is 80 m. In case of part-1 case stﬁdie‘s, the drainage is considered choked

and the uplift pressure equal to head of water is assumed working on the dam base, while

in part-2 and part-3 studies, the drainage gallery is assumed at 10 m away from the.. . .

vertical upstream- face of the dam. Thus the modified uplift is considered in this two - =

studies. No fillets have been provided at the heel or toe as they have local effect on stress

distribution.

2.9.4 Material characteristic of Dam and foundation

In this case, the system has ‘two distinctly different sub-system' of dam and .
foundation, ignqﬁug_presel.ice of interface between dalﬁ and foundation:at dam base.
" Hence, dam and foundation have been considered lotally"'inlcgralcd_. as a monolithic
structure l‘hough it is not true. T‘ll§ effect of different elastici ty of the foundation rockv have
been studied, since the elasticity of the rock fomind&tion ~affects the stresses: and

displacements in the dam and the foundation.

Finite Llement Analysis of Concrete Gravity Dam on Stratified Foundations
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The characteristic of dam material which are taken in this study are:

i) Elasticity (E)  =2x10° T/m*
i) Poisson’s ratio_(v) = 0.2
iif)  Density (. =24 T/m’

In case of the characteristics of foundation Material, for most of the concrete gravity dam
sites, the properties of rock material may be comparable to that of dam material. However,
depending upon the type of rock ‘available at various site, the proberties of the
foundatibns are found to vary subsfantially. Actual field data of rock properties of several
dams has been studied to define the range of values. Relevant data of some of the
‘hﬁpoﬁant dams are given in Table 2.2. In this analysis, the following values of foundation
rock have been considered.
i) The Poisson’s ratio is taken as 0.2 and 0. 3 in all cases for the foundation rock
whose modulus of elasticity ranges from 0.2 to 0.8 of concrete.
ii) Dead weight of the foundation rock has been excluded as the rock mass already
exists before construction of any dam, so the dénsity is taken as zero.

iii)  The density of water is- taken as 1 t/m3.

295 Loads
The loads usually acting ona gravity dam are as follows :
o Self weight of the dam
e Water pressufe
. Upliﬁ preSSlll'e
e Silt pressure
. | Wave pressure
e Wind load
* Ice pressure (in cold climate only)
o Seismic loads (if located in an éarthqu_ake prone region) -
All the loads are not considered actiﬂg on the dam simultaneously. 1S-6512 specifies a
combination of loads to be considered for the design of gravity dam. Seismic loads will
be acting only occasionally and that too for a short duration on the dam and so it is

considered extreme loading combination.

Finite Element Analysis of Concrete Gravity Dam on Stratified Foundations
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Table 2.1 Profile of some Existing Dams

(India)

S.No. | Name of Dam Height Up stream slope Down steam

: . (m) slope

1  {Detroit Dam 92 |vertical for top-1/3rd 0.75:1
(USA) and 1/10th-for rest

[rmerst e d

2 |Fontana Dam 134 |vertical with fillets 0.76:1

© |(USA) at bottom - '

3~ " |Grand Coulee 167  [upper half vertical 0.8:1
Dam (USA) bottom half 1 : 6.66

4 . Bhakra Dam 226 jvertical for top 08:1
(India) ) 110mand1:29

for heel slope

5 |Shasta Dam - 137.  |vertical with fillets 08:1

(USA)
6 Kanan Dam 100 |vertical for 2/3rd ) 08:1

(India) land 1:2 for rest

7  |Narmada Dém 155 |vertical for 3/5th 0751

andrest 1:4

Tabel 2.2 Elastic Constants of Foundation Rock of some dams

Elastic constant

(India)

granite gneiss, senecite schist

'S.No.| Name of Dam Type of Rock Elasticity | Poisson’s Ratio
in m2 x 10° 0
I [Bhakra Dam Sand .stpne with clay bands 0281024 011003
(Indiay ' ) ‘
2 |Yellow Tail Lime stone 200to 2.6 0.15t00.25
(USA) ‘ '
3 |ichari Dam - Granite 0.5 . 02
(India) Lime stone ’
Schist
4 |Narmada Dam |Granite 33t043 02
(India) -{Lime stone
' ~ |Schist
‘5 |Hirakud Dam Quartize, sheared phylite, 1141023 | 01810 022,
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A In this study, analysns have been done for the followmg normal loads are:
- - self welght '
- water pressure
- uplift pressure 4
: which act simtlltaneously. Here again, for simplification, it is assumed that'th‘e're i’s no tail
- water in downstream. .' _
If the seismic forces are taken as equivalent. static forces the distribution of loads

Will not be realistic. Therefore, seismic forces can best be accounted for by a dynamic
analysis of the dam. This has not been done in this study. Hence the seismic forces have
' hot been considered in the analysis. B |
- Water level has been taken up to 5 m below the top of the dam. The full and

modified uplift pressure are equal to the water head at heel (see figure 2.2). The
: .downWard water load on the extended foundation upstream has not been taken by

considering the foundation being submersible.

2.9, 6 lmtlal stresses and thermal stresses

In a11a1y31s initial stresses of the foundation rock have not been considered ,
assuming that the rock underneath the dam base and in whole extent of foundatlon has
‘been stresses due to own load of in bed and abutment overburden since long. In this
study; the dead weight of the foundation _has not been taken, so initial stresses can also be

neglected safely.

29.7 ldeallzatlon of Boundary C ondltlon
’ One of the lmportant 1deahzat10n in analyzmg by tlns method is. how to declde the

bomldary condmon Since only a finite zone can be mclude adequale extents in the mesh

in the vertical and lateral directions so the approximate boundary condl_tro_ns can be
defined. In thisvstudy, by assuming a rigid rock boundary is available below the base of

_ N e — , :
~ foundation system, hence it has dssumed the displacement to be zero. In the lateral™—_

distance from the edge of the dam with respect to cases studied, by assuming the
. fOUI]dHIlOD material beside in both up stream and down stream dnectlon areﬁless so the
Al TRl

dlsplacemems are free for_one type of boundary condmon and for another type of

e

e TR A 2

boundary condmon the horizontal dlsplacement is kept zero and vemcal dlsplacement is

Finite Element Analysis of Concrete Gravity Dam on Stratified Ioundations
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b. Modified Uplift Pressure

Figure 2.2 Uplift Pressure
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kept free by assuming that any rigid rock bdundary is available beside the upstream and .

“down stream side of foundation.

2.9.8 Cases Anaiyzed
In this stpdy, the cases to be analyzed are divided iﬁto 3 parts : _

o part-1, analysis of a dam section with varying rock mo_dulus of foundati_oh, Poisson’s

' ratio of foundation and foundation extents, -considering external loads of water

pfessure anci full. uplift pressure with different bdunda_fy conditions.

.- part—.2; anaiysis of the dam section with fo‘undation extent equal to height of dam and
foundation élasﬁcitﬁr of 0.4 times of concrete elasticity (weak foundation) considering
external loads of water pressure and modified uplift pressures with a bdundary
condition. : | » |

- part-3, analysis of the dam section for stresses and deformations with an inclined shear
zone at different/ locations in the‘ foundation éonsidering the loads, foundation extent
same aé in part-2 .‘

" The cases analyzed by 2D-FEM are listed in table 2.3.

2,10 Input

| The important part of analyzing the system through finite element method is the

| prepération of input data. First is the generation of mesh (discretisation) oﬁ the surface of
_the system. The mesh generation can be done'manually before fgeding to the computer.

" - The mesh adopted for different parts of the study are shown in Figure 2.3, 2.4, 2.5 and
2.6. The _féeding of input data is explained below. The Standard FEM program is used for

this study.

2.10.1 Card 1 - Title

In this data card, the case which is being studied is mentioned clearly, so that while

| interpreting the results, it would be always easier to identify output of different cases.

2.10.2 Card 2 - Co:ntrol Data (on line)
In this data card, we input the data as follows:

a. Problem ' : Stress and deformation -

. Finite Blement Analvsis of Concrete Gravity Dam on Stratified Foundations . .
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b. Total no. of nodes

c. No. of nodes or which coordinate

to be read

d. Total ho. of elements

“e. No. of nodes per element
f. Problem type |

g No. of material

h. No. of properties: per material'_
1 No. of Gauss point in each
direction (here the stresses are
‘being calculated at 4 points in
a single element) |
. j- No. df restrained nodes
(Here, only base of foundation
to be fixed in bofh direction)

k. No. of loading cases

© 2,103 Card 3 - Connectivity Data

Mathematical Model, Solution Scheme and Input Data

*418 for part-1 and part-2 cases studies

440 for part-3 base ‘studies-
418 for part-1 and part-2 cases studies
440 for part-3 case studies

368 for part-1 and part-2 {:ase’s studies

388 for pé.rt-3a and part-3¢ cases studies -
389 or part-3b case studies

-4

: Plane strain

2 for part-1 and part-2 cases studies

3 for part-3 case studies

4 .
2

: 29 for 'part-la and 2 cases studies

49 for part ;lb case studies’

: 31 for part-3 case studies

o1

Connectivity is written in anti clockwise way and follo\gyed by material type, for

example:

| Element No. | Connectivity nodes

Matcrial No.

1 1213 12

B

. 2104 Card 4-Nodal Coordinates Data

Here, all the coordinates as mentioned in card-2 are written.

Finite Element Analysis of Conerete Gravity Dam on Stratified Foundations
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2.10.5 Card S - Fixity Data

Here, we put all the node numbers of restrained nodes as mentioned in card-2 and -
followed by the prescribed displacement in x and y direction.

For ekamp]e,

Node | . Fixity in Fixity in | Prescribed displacement in | Prescribed direction in
No. | x-direction | y- ~x-direction y-direction
direction
11 1 1 0. 0.

2.10.6 Card 6 — Material Properties Data
' Here, the node numbers followed by 4 properties as mentioned .in cérd-2 are written.
These are :
- Young Modulus
- Poisson’s ratio
- Density at x-direction
- Density at y-direction

In part-1 and 2 cases studies, 2 material properties that is for dam and foundation are

taken, while in part-3, '3 material properties that is dam, foundation and shear zone are

taken. The material propertiés adopted are as below:

Type of Modulus elasticity | Poisson ratio Density in x- Density in y-
material direction direction
Concrete 2x 10° t/m? 0.2 2.4tm’ 0
Foundation varying from0.4 up | 0.2 and 0.3 0 0
to 1.6x10% t/m*
Shear zone 2 x 10° ym? 0.3 0 0

2.10.7 Card 7 - Load Data

Here, the numbers of nodes of point loads if any are written and it is followed by:

- indicator for body force (0=No, I =yes)

- indicator for pressure load (0 =No, [ = yes)

- numbers of nodes with temperature values.

Finite Element Analysis of Concrete Gravity Dam on Stratified Foundations
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ln all cases studied, there is no point load is assumed to act on dam seetlon hence it |s
written as zero. For body force the indicator ‘1’ is glven and for temperature values

- indicator ‘0’ is given because the temperature effect in all cases is ignored.

2.10.8 - Card 8 — Pressure Load Data _ ‘
Here, in the first line are written the nmr\bers of pressure loads which is applied
“on dam sectlon In all cases there are 18 points for part -1,2,3a and 3c studles while part-

3b studies has 19 pressure points which consist of water head and uphﬁ pressure In the

next line, the type of pressure followed by node numbers of the pressure side in anti-
-—"M—

c]ockwrse drrectron are written with the,_welgh ag,e of wpressure of ﬂ]Mﬂd y

- direction. - ‘ L ,

Finite Element Analysis of Concrete Gravity Dam on Stratified Foundations
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Chapter-3
RESULTS AND ANALYSIS

3.1 l?résentatioﬁ of Results
Finite element program is ﬁséd for _calculating the stresses (o, Oy,Tyy), principal
strésses (o1, 63) and strain (g, €, Yyy) at 4 (four) Gaussian points of each element of
the discretized dam and foundation system. It also estimates the horizontal and vertical
displacements (u, v) of nodal points. ., |
By using data listed in Chapter — 2 under the parts input, displacements and
stresses were computed for the various cases studied.
The results of all cases studied have been divided under following 3 parts :
e Partl
Under this part, the effect of foundation elasticity,. Poisson’s ratio of
foundation and foundation extent with 2 (tWo) types of boundary conditions in
dam-foundation system is studicd‘by using external loads of water pressure and
full uplift pressure. |
e Part2 %
Under this part, some of foundation extents with one value of rigidity of
foundation elasticity have been studied. with external loads ‘.of water pressure
and modified uplift (drainage gallery is,present at 10 m frd%;; ixpslréam face of
dam) with one type of boundary jqdndition. Here, the effect of deeper and wider
foundation extent is studied in greater detail.
e Part3 |
Under this part, one of the foundation extent with one rigidity of foundation
elasticity is studied with one type of boundary condition where shear zone s
located in the foundation. Here, shear zone is located at different places that is
at upstream, center and downstream of dam respectively.
For each of the above cases, the valluesu of oy, Gy, Ty, Opl, Op, horizontal and

vertical displacements have been chosen for the purpose of comparative analysis.

Finite Element Analysis of Concrete Gravity Dam on Stratified Foundations



26 : - Results and Analysis

3.2 Discussions on the Results of Part— 1 Studyj‘i ‘
In this part, cases studied'lised 6 values of foundét'ibn elasticity viz. :
a. Ef=02Ed -
-b. Ef=0.3Ed
o. Ef=04Ed
d. Ef=05Ed
e. Ef=06Ed
f. Ef=0.8Ed '
Each case of foundation elasticity has been ahalyzed for the l‘oll(.)w'i ng 9
combinations of foundation exte.nt;
1H w/s, |H d/s and 1H bottom
1H w/s, 1H d/s and 2H bottom
1H u/s, 1H d/s and 3H bottom
1.5H w/s, 1.5H d/s and 1H bottom
1.5SH u/s,‘ 1.51—[‘ d/s and 2H bottom’
1.5H u/s, 1.5H d/s and 3H bottom
- 2H u/s, 2H d/s and 1H bottom
» 2H u/s, 2H d/s and 2H bottom
’ - 2H u/s, 2H d/s and 3H bottom, wheré‘H is the height of dam section.

I

)

Each combination of foundation elasticify and foundation extent has been
analyzed for 2 types of boundary conditions, one of fixed bottom, and free at lateral
foundation extents, and the other of fixed bottom and roller at lateral foﬁndatio'n
‘extents. The effect of Poisson’s ratio of foundation rock has also been studied with
foundation extent of 1H w/s, 1H d/s and IH.bottom. 7 ‘

| The results OM% are shown in Tables 3.1 to 3.29

and» Figures 3.1 to 3.28. These tables and figures indicate the deflections and stresses at

~ several critical points in the dam body. Deflections have been tabulated for the top

(crest), heel and toe, while stresses for heel and toe of the dam section are tabulated.
In displacements value from these tables, the positive sign expresses for the right or
| upwafd direction and negative sign expresses for the left or downward direction. In

stresses value from these tables, the positive sign means in tensile condition and the

o Fnite Element Analysis of Conerete Graviiy Dam oi Strenffied lowndeions
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negative sign means in compressive condition. Boundary condition of fixed at bottom
and free at lateral sides is called condition-A and another with sides as roller is denoted

as condition-B."

3.2.1 Displacement
Displacement in dam occurs due to gravity load, water pressure, foundation and
abutment deformations and the temperature effects. This last effect is due to partly the

temperature gradients set up due to the heat of hydration of cement and its gradual

dissipation and partly due to seasonal and diurnal climatic changes and exposure to the .

sum, but this effect is not considered in these study.
Tables 3.1 and 3.2, and Figures 3.1 and 3.2 indicate the horizontal and vertical

displacement at crest, heel and toe for all cases of this part of study for boundéry

condition-A. From Table 3.1, it can be seen that the deflections tend to decrease with

increase in modulus value of foundation. From Table 3.2, the effect of foundation

extent is more clear. At crest and toe, there is no change in direction of both horizontal

and vertical displacements with deeper foundations in any case of lateral foundation
extent. But, at heel, as foundation extent is taken deeper in any lateral foundéltion
extent, the horizontal displacement changes the direction from negative to positive.
Here, negative indicates the movement to the left and positive to the right direction.
Logically, horizontal displacement is caused by applied water pressure which
pushes the dam’ from left to right direction. The uplift pressure which acts upward on
base of dam overturns the dam to clockwise direction. Here, the gravity load of dam
has to balance the uplift pressure effect to keep the dam in stability condition. The
results show that the displacement of heel reduce with the increase in modulus value

of foundation rock.

The effect of foundation extent, at any value of rock modulus, is seen to reduce

the horizontal displacement with the increase in lateral extent of foundation. As deeper
extent of foundation at any lateral foundation is seen lo increase the horizontal

displacement.

In vertical direction, the effect of foundation extent at any foundation elasticity

shows that as the foundation extent becomes deeper at any lateral foundation extent,

the displacement tends to decrease at crest and heel, but increases at toe. But at any

Finite Llement Analysis of Conerete Graviy Dam on Stratified 'owndations
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‘depth of foundation extent the increase in lateral foundation extent decreases the
'd1splacement at crest, heel and toe. Figures 3.1 and 3.2 show the trend of change in -
displacement both in ‘horizontal and vertical direction at crest, heel and toe. The

o change in displacement is steeper 1n the range of foundation elasticity from 0:2 to 0.6.
than the range from 0.6-0.8 of foundation elasticity The dlsplacements 1n general are

“asymptotic in the range of Ef/Ed=0.8. ,

‘Tables 3.3 and 3.4, and Figures 3.3 and 3. 4 show the d1splacement at crest, heel
and toe with boundary condition-B. From Table 3.3, it can be seen that as rigid the:

’ foundation elasticity in any foundatlon extent, the horizontal and vertical displacement
at crest, heel and toe tend to decrease From Table 3.4, the effect of depth of
foundation extent on d15plaoement at crest is not seéen to be significant, while at heel

~ and toe, the. decrease in horizontal displacement can be seen. In this case, horizontal
displacement at crest and toe are in the right direction, but heel moves to left direction.
The vertical displacement at crest and heel tends to decrease (Table 3.4) as the
foundation 'depth increase in any lateral foundation extent, while at toe it tends to
increase. And as the lateral foundation extent increases in any depth of foundation, the .
displacement tends to decrease at the crest, heel and toe. The vertical displa'cement at -
crest and heel are in- the upwa.rd direction and toe in the downward direction. From
Figures 3‘.3‘and 3.4, the trend of displacements at crest, heel and toe can be clearly
seen. The rate of increase in displacement at foundation elasticity from 0.2 to 0.6 is
steeper than from 0.6 to 0.8 of foundatlon elasticity.

From the statements above, it can be noted that the change in displacement in
horizontal direction is not too large ifitis compared with vertical direction. Log1cally,
due to the. roller at the end of Jateral foundation extent, horizontal dlsplacement is zero
and at it is free to have vertical displacement. Thus the results show that the honzontal
dlsplacement 1s not as blg as vertical displacement.

The results in this case are found similar to that of boundary condition-A
described above. The trend of variation of displacements at crest heel and toe with the
change in foundation extent and value of rock modulus 18 srmllar and the values of
dlsplacements are practically same as obtained in case of boundary condition-A. In
case of boundary condition-B, the vanatxon in the values of displacement with increase

in depth of foundation has been found less than that in case-A. The comparison
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- between the results with two boundary conditions can be seen in Table 3.5 to 3.8 and
Flgures 3.5 to 3.6. From Tables 3.5 and 3.6, it can be noted that in case of dam with
foundation extent more than 1H, the difference in the displacements between
conditions-A and B tend to be smaller especially at crest and toe as the rock modulus
incre,ases.VAt heel, it can be seen that at any foundation elasﬁcity, and at aﬁy lateral
éxtent, the horizontal displacement in condition-A tends to change direction with
increase in depth while in condition-B the direction remains same. The clear difference
also can be seen in horizontal displacement at heel and toe with change in lateral extent
from 1H ws, 1H d/s and 2H ws, 2H d/s with increasein the foundation extent in the
two conditions, as the increase in condition B is less. From Fi 1gure 3.5, it can clearly be "
seen that -as the foundation elastlcxty increases, the difference in horizontal
dlsplacement between conditions-A and B reduce at crest, heel and toe. |

In vertical dlsplaeement, the difference is negligible in the two boundary
conditions. Tables 3.7 and 3.8, and Figure 3.6-show the comparison between the two
conditions against vertical dlsplacement |

Table 3.9, Figures 3.7 and 3.8 show the honzontal and vertlcal dlsplacements‘
at crest, heel and toe with Poisson’s ratio of foundatlon rock as 0.2. This result indicate
that the displacements are similar to part;lB study, where displacements tend to
decrease W_ith the increase in foundation elasticity. F i‘gUres 3.7 and 3.8 clearly show this
_trénd. .

Tables 3.10 and 3.11, and lj‘igures 3.9 and 3.10 show the comparison between
' pzirt-lB study and part-1C study for horizontal and vertical displacement at crest, heel
and toe with the change in Poisson’s ratio from 0.3 to 0.2. The results shew only -
marginal change in the values of displacement. The displacerhents are found slightlyl '-

more in case of Poisson’s ratio equal to 0.2.

Finite Element Analysis of Concrete Gravity Dam on Stratified Foundations
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Table 3.1 Displacement at Crest, Heel and Toe with different Rigidity of B
Foundation in any Foundation Extent of Part-1A Study M
*[TCase | Foundation — Horizontal (mm) Vertical (mm)
No. Extent | Crest Heel | Toe | Crest | Heel Toe
1 u/s 1H 0.2 22.66]  -0.67 1.45 353 200] 628
D’s H 03 17.14]  -0.58 1.02 2.31 3221 -3.98(
Bottom  I1H 0.4 1426 w49 077 1.69 249 280
0.5 12.50]  -0.43 0.62 1.31 203{ -225
0.6 1129} 038 0.51 1.05 172)  -1.84
0.8 975  -0.30 037) ©. 072 132f  -134
2 uss H 0.2 25.53 L.10 3.10 2.57 358 817
D/S 1H 03 19.06 0.62 2.12 167 253 526
Bottom  2H 0.4 1571 042 1.60 1.21 196  -3.85
0.5 . 13.66 031 1.28 0.92 161  -3.03
0.6 12.25 0.24 1.07 0.73] T 136) | 249
0.8 10.47 0.16 0.79 0.48 1.05) - -1.83
3 u/s IH 0.2 29.12 4.14 6.06 1.64 259 -9.63
DS . IH 03 | 21.44) . 266 4.09 105 ° 1.85] 625
Bottam  3H 0.4 17.49 1.96 3.09 0.74 145 -4.60
0.5 15.07 1.54 2470 0.55 119] 363
0.6 13.43 1.27 2.06 0.41 101 -3.00
0.8 1134] 094 1.54 0.24 078 222
4 u/s L5H 0.2 22.14]  -0.76 1.30 3.40 443 608
DS - LSH 03 16.80]  -0.63 091 2.23 3.10f  -3.86
Bottem  1H 0.4 1402} -0.53 0.69 1.63 239 280
0.5 1231 -0.45 0.55 1.26 195 218
06 1L13]  -0.40 0.46 1.01 165  -179
0.8 963 -032 033 069~ 126] -130
5 uss 1.5H 02 2365 -0.03 1.90 2.47 345 770
D/S 1.5H 03 17.80] = -0.13 1.31 1.60 244 495
Bottom  2H 0.4 1478 0.4 1.00 1.16 1.89;  3.62
1 0.5 1291]  -0.14] . 0.80 0.88 1.55] 285
06 164 013 066 0.69 131 -~ -234
08 9.46|  -0.10 043 © 037 091  -152
. 6 uss 1L5H 02 24.78 1.18 3.03 1.51 244] 869
' D/S LSH | 03 18.55 0.70]  "2.06 096 - 175{ -5.63
Bottom  3H 04 1533 0.48 LS6} - 067] © 137 414
0.5 1335 0.37 1.25 0.49 113) 326
0.6 1199 0.30 1.04 037 096] -2.69
0.8 1027 021 077]  o021f. o074 -1.99
7" uss 2H | 02 2177 078 1.25 3.28 427 592
D/s 2H | 03 16.56| - 0.64] 088 2.15 298| -3.76
Bottom  1H 0.4 1385)  -0.53 0.67) ~ 157 230 273
0.5 1217] 045 0.53 121 188] 213
06 | 1102] --040| 044 097 1.59)  -174
0.8 9.55| 032 032 0.66 121 -1.27
8 uss 2H 0.2 23.00]  -0.32 1.58 2.40 336 747
IS 2H 03 1738} 031 110 1.56 237] 481
Bottom  2H '} 04 14.46] - 028 0.83 113 184 352
0.5 12.66|  -0.25 0.66 0.86 L5l 277
0.6 1143 022 0.55|  0.67 128 227
038 9.86[ -0.18] 040 044] 098 -1.67
9 uss 2H 0.2 2337 027) " 2.08 1.49 240, 832
D/S 2H 03, 1762}  0.10 1.43 0.95 172)  -538
Bottom . 3H 0.4 14.63 0.04 1.08 0.67 135 -3.95
0.5 12.79 0.01 0.87 0.49 L1 3a2
06 11.54 0.00 0.72 0.36 095 -2.57
0.8 993  -0.01 0.53] 020 073 -1.90
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‘Table 3.2 Displacement at Crest, Heel and Toc with differcnt Foundation Extent in any
Rigidity of Foundationt of Part-1A Study :
Case EFIED Foundation Extent Horizontal (mm) Vertical (mm)
No. u/s D/S Bottom [ Crest Heel -Toe .| Crest Heel | Toe
1 9.2 1011 | 1.01 1.011 22,66 -0.67 1.45 3.53 4,60 -6.28
’ 1.OH 1.on 200 25.53 L0 3.10 257 3.58 -8.17
1.0H 1.0H 3.0H 29.12 4.14 6.06 1.64 2.59 9.63
~SH——1S5H—TOH | 22.14 .76 1.30 3.40 4.43 6.08
L5SH 1.5H 2.0H 2365 -0.03 1.90 - 247 345 -7.70
1.5H 1.5H . 3.0H 24,78 1.18 3.03 151 244 -8.69
2.0H 2.0H 1.0H 21.717 -0.78 1.25 328 427 -5.92
2.0H 2.0H 2.0H 23.00 -0.32| - 1.58 240 336 747
~ 2.0H 2.0H 3.0H 2337 0.27 2,08 1.49 240 - -832
2 03 - 1.0H 1.0 1.0H 17.14 -0.58]| 1.02 231 3.22 -3.98) .
10H- 1.0H 20H 19.06 0.62 2128 167 2531 -5.26
4 10H 1.0H 3.0H | 21.44 2.66 © 409 . 1.05 1.85 -6.25
: 1.5H | 15H 1.0H 16.80 -0.63 091 '2.23 3.10 -3.86
1.5H 1.5H 2.0H 17.80, -0.13 131 1.60( + 2.44 -4.95
L5H 1.5H 3.0H 18.55 0.70 2.06 0.96 1.75 -5.63
2.0H 2.0H 1.0H 16.56 -0.64 0.88 215 2.98 -3.76
2.0H 2.0H 2.0H 17.38 031 110 1.56} 237 -4.81
2.0H 2.0H 3.0H 17.62 0.10 1.43 0.95 1.72 -5.38
3 04 1.0H 1.0H 1.0H 14.26 0.49 0.77 1.69 2.49 -2.89
1.0H 1.0H 2.0H 15.71 0.42 1.60 1.21 1.96 -3.85
1.0H 1.0H 3.0H 17.49] 1.96 3.09 0.74 145} -4.60
1.5H 1.5H 1.0H 14.02 -0.53 0.69 1.63 1239 -2.80
1.5H 1.5H 20H 14.78 0.14 1.00 116 1.89 -3.62
1.5H 1.5H 3.0H 15.33 0.48 1.56 0.67. 1.37 -4.14
2.0H 2.0H 1.0H 13.85 -0.53) - 067 1.57 2.30 273
2.0H ’2.0H 20H 1446 0.28 - 083 C1a3y 1.84 -3.52
" 2.0H 2.0H 3.0H 1463] * 0.04 1.08 0.67 1.35] 3.5
4 0.5 - LOH 1.0H 1.0H 12.50 -0.43 . 0.62 131 2.03 -2.25
1.0H 1.0H 2.0H 1366 031 1.28 0.92 1.61 -3.03
1.0H 1.0H 3.0H 15.07 1.54 2471 055 1.19 3.63
1.5H 1.SH 1.0H 1231 0.45 0.55 1.26 1.95 -2.18
1.SH 1.5H 2.0H 1291 -0.14 0.80 0.88 1.55 -2.85
1.5H 1.5H 3.0H 13.35 0.37 1.25 0.49 1.13 C 326
2.0H 2.0H 1.0H 12.17 0.45 0.53. 1.21 1.88 -2.13
2.0 2.0H 20H 12.66 -0.25 0.66 0.861. 1.51 2.77
2.0H 2.0H 3.0H 12.79 0.01 0.87, 0.49 1.11 -3.12
5 0.6 1.0H 1.0H 1.0H 11.29 038 051 1.05 1.72 -1.84
1.0H 1.0H 2.0H 12.25 0.24 1.07 0.73] . 136 -2.49
1.0H 1.0H 3.0 13.43 1.27 2.06 041f . 101 =3.00( - -
1.5H 1.5H 1.0H 11.13 -0.40 0.46 1.01{. 165 -1.79
1L.5H L.5SH 2.0H 11.64 0.13 0.66 0.69 1.31 -2.34
1.5H 1.5H 3.0H 11.99 0.30 1.04 037 - 0.96 -2.691
2.0H 2.0H 1LOH 11.02 -0.40 0.44 0.97 1.59 -1.74
2.0H 2.0H 2.0H 11.43 0.22 0.55 0.67 1.28 -2.27
2.0H 2.0H 3.0H 11.54 0.00 0.72 0.36 0.95 2.57
6 08 1.0H 1.0H 1.0H 9.75 -0.30 0.37 0.72 1.32 -1.34
1.0H 1.0H 2.0H 10.47 0.16 0.7% 0.48 1.05 -1.83
1.0H 1L0H | 3.0H 11.34 0.94 1.54 0.24 0.78] 222}
1LSH | LSH 1.0H 9.63 -0.32 033 0.69 1.26 -1.30
L5H 1.5SH 2.0H 9.46 -0.10 043 0.37 091 -1.52
1.5H 1.5H 3.0 10.27 0.21 0.77 0.21 0.74 -1.99
2.0H 2.0H 1.0H 9.55 -0.32 0.32 0.66 1.21 -1.27
2.0H 2.0H 2.0H 9.86 -0.18 0.40 0.44 0.98 -1.67
2.0H 2.0H 3.0H 9.93 -0.01 0.53 0.20 0.73 -1.90

e




32 Results and Analysis
30 I -
i - ‘\ ~6—1H, IH, IH

_ ~@—1H, 14, 2H
26 ~A—1H, IH, 3H
y N
%o QN \\
S
o N
§ 18 \\\\\
E‘ 16 NX \
A
. 14 \-\‘ -
i e
3
10 S,
3
"0 02 03 0.4 0.5 0.6 0.7 08  pomp 09
a. Crest
s
- 1
5 —o—1H, 1H, 1H
4 : ~S—1H1H2MH ———
. \ —&—1H, 1H, 3H A
. E \
s 2
=
E 1
% 1
é EFIED
1] T v v -
02 Ok & - 4&
\ o -
-1
a
b. Heel
7 —
o] ~e—1H, IH, IH
] —m—1H, 1H, 2H
6 —A—1H, 1H, 3H
o]
’E ]
= 4]
E ]
E
2 ; .
4 \. .
] ) \\“
1 ——
01 . - T — e
0 01 0.2 03 0.4 0.5 06 a7 08 09
EI/ED
c. Toe
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Table 3.3 Displacement at Crest, Heel and Toe with different Rigidity of
- Foundation in any Foundation Extent of Part-1B Study

Case | Foundation EF/ED - Horizontal (mm) ' Vertical (mm)
- No. " Extent T Crest Heel | Toe | Crest Hecl Toe
1 uss 1H 02 | 2232 -0.80[ 119 357 463 8.17|:
DS, 1H 03 | . 1691 065 0.83 2.35 324 -3.91
Bottom  1H 0.4 14.09 054 0.63 1.74 2.50 2.83
' 05 - 12.36 10.46|. 0.50 1.33 2040 221
0.6 11.18 -0.40 o41] ~ 1.06 173} - -1.80
08 . 966 -0.32 0.29 0.73 1.32 -1.31
2 -f us  1H 0.2 23.62 -0.30{ 154 - 284 = 383 -7.61
DS . 1H 0.3 1777 029 1.07 1.85| - 269 - -489
Bottom  2H° 04 1475  -0.26 080 - 134 209 357
05 12.89 0.22 084 = 1.03 17 2.80
06 11,61, -0.20 0.53 082 145 = -230
08 | 9.99 016 - 038 054 = 1M -1.69
3 | us 1H 02 2365 004 . 172 187 2.80 -850
D/S 1H. 03 ©M7.79 -0 118/ 121 1.99 -5.49
Bottom 3H | 04 1475{ - -0.11 090 0886 155 403
- 05 12.88 -0.10 072 - 064 1.28 -3.18
06 11.61 009 o059 049 1.09 262
08 9.98 -0.08 0.44/ 0.30 084  -1.93]
4 uss 1.5H 02 22,08 079 . 12 343 4.45 605
" DIS 1.5H 0.3 16.74 064 085 ° 225 @ 311 -3.84
Botiom - 1H 0.4 13.98 054 065 - 164 2.40 2.79
05 C 12271 - 048] . 051 1.27 1.96 217
0.6 1 11.10 =0.40 0.42 1.02| 1.66 -1.78
08 |- 981 -0.32 031 - 070 127] -1.29
5" uss 1.5H 0.2 2307 -0.41 1.42 265 3.62 7.44
DS 15H 0.3 1741 - 037] 098] 172 255 478
Bottom  2H 04 14.49 032 0.74 1.25 198 349"
05 12.68 027 0.59 0.96 162], 274
0.6 11.44 0.24 048 0.75 137 225
o 038 9.86 .19 035 . 050 1.05 -1.66(
6| Us 1.5H 0.2 23.08) 047/ 158} - 1.88 279 . 842
D/s 1.5H 03 | 1742 019 - 109 121 . 199 5.24
{ Bottom  3H . 04 14.48 017 083 0.86 155(- -385{
05 . 1267 - -015| . 066 . 064 127} 303
06 | 1143 013 055 049 108  -250
_ 08 | 985 011 040 0.30 0.83 -1.84
7 uss 2H 0.2 21.74 079)°  122]- 329 428 -5.91
' DS 2H 03 16.54 064 -0.85 216 - 299 375
Bottom  1H 04 1383 053 0.65 1.57 231 272
" 05 11.01 -0.40 0.42] - 097 1.59 -1.74
06 | 1101 040 0.42 0.97 159 . -1.74
08 ‘954 032 031/ - 0.66 1.22 -1.27
8 us 2H 02 ‘277 . 044 1.38 2,49 344|° 735
DS - 2H 0.3 17.23 0.39 096 - 162 242 -4.73
Bottom  2H 0.4 1435 033 . 0.73 117 . 188 3.46
- 05 12,57 028/ . 058 . 080 1.54 272
06 - 11.36 025 048] - 070 1.31 223
. 0.8 9.80| . -0.20] 0.35 0.46 1.00 -1.64
.9 UsS. 2H . 0.2 269 025| . 1.48 177 267 -7.97
DS . 2H 03. | - 1747 - -0.24f. 1.03 114 1,90 5.15
Bottom  3H 04 1429 -0.21 078 081 1.48 3.78
’ 05 1252 -0.18 0.62 0.60 1.22 298
0.6 S 1131 -0.16 0.51 0.46 1.04 245
0.8 976 -0.13 0.38 027 0.80[ = -1.81
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Table

3.4 Displacement at Crest, Heel and Toe with different Foundation

. Extent in any Rigidity of Foundation of Part-1B Study’
Case EF/ED Foundation Extent " Horizontal (mm) - Vertical (mm)
No. U/S D/S |Bottom| Crest | Heel | Toe | Crest | Heel | Toe
1 0.2 1.0H 1.0H 1.0H 2232 -0.80) 1.19|- 357 463 -8.17
: ‘ 1.0H 1.0H 2.0H 2382 030] - 154" 284 3.83 -7.61
1.0H 1.0H 3.0H - 23.65 0.04 . 1.72 1.87 280 -8.50
1.5H 1.5H 1.0H 22.06 -0.79 1.22 343" 445 -8.05
1.5H 1.5H 2.0H 2307 0.4 1.42 2.65 3.62 -7.44
1.5H 1.5H 3.0H, - 23.08 -0.17 1.68 1.88] 279 -8.12
2.0H 2.0H 1.0H 21.74 -0.79 1.22 329 428 -5.91
2.0H 2.0H 20H 22.77 -0.44 1.39 2.49 3.44 -7.35
2.0H 2.0H 30H 22.69 -0.26 1.48 1.77 267 -7.97
2 03 " 1.0H 1.0H 1.0H 1691 .-0.85 0.83 235 324 -3.91
' 1.0H 1.0H 2.0H 17.77 -0.29 1.07 1.85 269 -4.89
1.0H 1.0H 3.0H 17.79] -0.11 1.18 1.21 1.89 -5.49
“15H | 1.5H 10H { 16.74 064 085 225 3 -384
1.5H 1.5H 2.0H- 174 0.37 0.98 1.72 255 478
1.5H 1.5H 3.0H 17.42 -0.19 1.09 1.21 1991 - -524
2,0H 20H | 1.0H 16.54 -0.64 0.85 216 299 -3.75] .
2.0H 2.0H 2.0H 17.23] 039 0.96 162 - 242 473 ]
2.0H. 2.0H 3.0H 1717 -0.24 1.03 1.14 1.90 $5.15
3 04 .| 1.0H 1.0H 1.0H. 1409 -054 0.63 1711 280 -2.83
1.0H 1.0H 2.0H 14.75 -0.26 0.80 1.34 209 357
- 1.0H 1.0H 3.0H 14.75 0.1 0.90 0.86 155 -4.03
1.5H 1.5H 1.0H 13.98 0.54 0.65 1.64 2.40 279
1.5H 1.5H. 2.0H 14.49 -0.32 0.74 1.25 1.98 -3.49
1.6H 1.5H 3.0H 14.48 -0.17 0.83 .0.86 155 385
2.0H 2.0H 1.0H 13.83 -0.53) 0.65 1.57 231 272
2.0H 2.0H 2.0H 14.35 -0.33 0.73 1.17 1.88 346
20H 2.0H 3.0H 14.29 021 0.78 0.81 1.48 -3.78
4 05 1.0H 1.0H 1.0H 12,38 -046 0.50 1.33 2.04 221
’ 1.0H 1.0H | 20H 12.89 022 0.64 1.03 1.71 -2.80}
1.0H 1.0H 3.0H 12.88 0.10 0.72 0.64 -1.28)° -318
1.5H 1.6H 1.0H 12.27 0.46 0.51 127] . 196] -217
1.5H 1.5H 20H 12.68 0.27 0.59 0.98 1.62 -2.74}"
1.5H 1.5H 3.0H 12.67 -0.15 0.66 0.64 1.27 -3.03
-2.0H 20H° 1.0H 2 11.01 -0.40 0.42 0.97 1.59 -1.74
2.0H 2.0H 20H 1257 0.28 058 . 080 1.54 -2.72
20H 2.0H 3.0H 12.52 -0.18 0.62 0.60 1.22 -298
5 06 | 1.0H 1.0H 1.0H 11:18 -0.40 0.41 1.06 1.73 -1.80
1.0H 1.0H 2.0H 11.61 0.20{ ° 053 0.82 1.45 -2.30
1.0H 1.0H 3.0H 11.61 -0.09 0.59 0.49 1.09 -282
1.5H 1.5H 1.0H 11.10 -0.40 . 0.42 1.02 1.66 -1.78
1.5H 1.5H 20H 11.44 -0.24 0.48 0.75 1371 -225
164 | 15H | 30H 1143 013 0.55 0.49 108 -250
2.0H 2.0H 1.0H 11.01 -0.40 042 097 1.59 -1.74
20H | 20H |- 2.0H 11.36 0256 0.48 0.70 1.31 223
2.0H 2.0H 3.0H 11.31 -0.16 0.51 0.46 1.04 -2.45
6 08 1.0H 10H | 1.0H 9.66 -0.32 0.29 0.73 132 -1.31
1.0H 1.0H 2.0H 9.99 -0.16 0.38 0.54 1.11 -1.89
1.0H 1.0H 3.0H 9.98 -0.08 0.44 0.30 0.84 -1.93
1.5H 1.5H 1.0H 9.61 -0.32 0.31 0.70 1.27 -1.29
1.5H 1.5H 2.0H 9.86 -0.19 0.35 0.50 1.05| - -1.66
1.5H 1.6H 3.0H 9.85 -0.11 0.40 0.30 0.83 -1.84
2.0H 2.0H 1.0H 9.54 -0.32 0.31 0.66 1.22 1.27
20H 2.0H 2.0H 9.80 -0.20 0.35 048} - 1.00 -1.64
2.0H 2.0H 3.0H 9.76 -0.13 0.38 0.27 0.80 -1.81
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Table

3.5 Comparison between Part-1A and Part-1B Study of Herizontal

Displacement with different Rigidity of Foundation in any
Foundation Extent ’
. - ._Horizontal (mm)
Case No. Fo;::l:::on EF/ED Crest Heel Toe
Casc-A | Case-B | Case-A | Case-B | Casc-A | Casc-B
u/s 1H 0.2 266/ 2232 067] -0.80 1.45 1.19
D/S 1H 03. -17.14)  1691] 058 065 1.02 0.83
Bottom  IH 04" 1426  14.09] 049 -0.54 0.77 0.63
8 0.5 12501 1236 043 -046/ 062 0.50
0.6 1129 <11.18] 038 -040 0.51 0.41
08 | 975 966] -030] -0.32 0.37 0.29
urs IH 0.2 25.53) 2362 L10] 030 3.10 1.54{
D/s 1H 0.3 19.06| 17.717 0.62] -029 2.12 1.07
Bottom  2H 0.4 15711 1475 042{ 026 1.60 0.80
0.5 13.66] 12.89 0.31 0.22 1.28 0.64
06" 1225 1161 0.24(  -0.20, 1.07 0.53
0.8 . 1047 9.99f 016 -0.16 0.79 0.38
Uus ~ IH 0.2 29.12{ 2365 414 004 6.06 1.72
D/S 11 0.3 2144 1719 266{ -0.11 4.09 1.18
Bottom  3H 0.4 1749  14.75 1.96]  -0.11 3.09 0.90
: 0.5 15.07| 12.88 154 -0.10 241 om
0.6 1343|1161 127, 009 2.06 0.59(
0.8 11.34 9.98 0.94f  -0.08 154 044
uss 1.5H 0.2 2244 2206 -0.76] -0.79 130 1.22
Dis 1.5H 03 16.80) 16.74] 063] -0.64 0.91 0.85
Bottom  1H 04 14.021 1398 053] -0.54 0.69 0.65
0.5 1231 1227 045 046 0.55 0.51
0.6 .13 1L10]  -040| -0.40 0.46 0.42
. 0.8 9.63 961 032 032 033/ 031
us  15H 0.2 2365 2307 003 -0.41 1.90 1.42
D/s 1.5H 0.3 1780 1741 -0.13| -037 1.31 0.98
Bottom  2H 0.4 1478 1449  -0.14] -032] . 1.00 0.74
: 0.5 1291 1268 -0.14f 027 0.80 0.59
0.6 1164 1144 -013] 024 066 0.48
038 9.46 9.86] -0.10] 019 0.43 0.35
. uss 1.5H 0.2 2478  23.08 118 -0.17 3.03 1.58
DS ' 15H 03 1855 17.42 0.70/ . -0.19 2.06 1.09
Bottom  3H 04 1533  14.48 048  -0.17 1.56 0.83} .
‘ 0.5 1335) 12,67 037 -0.15 125 0.66
0.6 1199 1143 030 013 1.04 0.55
0.8 10.27 9.85 021 .1 0.77 2.68
uss 2H 0.2 2177} 2174 098] 079 125 1.22
DS - 2H 03 1656] 1654 064 -0.64] 088 085
Bottom  1H 0.4 13.85] 13.83| 053] -0.53 0.67 0.65
0.5 1217 1101} 045 -040 0.53 0.42
0.6 1.02]  110t]  -040{ -0.40 0.44 0.42
0.8 9.55 9.54f 032 032 032 0.31
uss 2H 0.2 23.00 2277} <032 . -044 1.58 1.39
DiS 2H 0.3 1738] 1723  -031 -0.39 1.10 0.96
Bottom  2H 0.4 1446] 1435( 028 -0.33 0:83 0.73
05 1266 1257 025|028 066] 058
0.6 1143]  1136] -022] -0.25 0.55| 048
0.8 9.86 980 -0.18] -0.20 0.40 035
us 2H 0.2 2337 2269 027] 025 2.08 1.48
) D/s 2H 0.3 17.62]  17.17 010 -0.24 143 1.03
Bottom  3H 04 14.63| 1429 004 021 1.08 0.78
0.5 1279] 1252 001 -0.8 087/ - 062
0.6 1L54] 1131 0.00f -0.16 0.72 0.51
0.8 9,93 9.76]  -0.01] 013 0.53 0.38
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Table 3.6 Comparison bétwcen Part -1A and Part -1B Study of Horizontal
) Displacement with different Foundation Extent in any Rigidity of

Foundation
Case’ ) Foundation Extent _Horizontal (mm)
No. EF/ED . . Crest Heel . Toe
U/S D/S | Bottom | Case-A | Case-B | Case-A | Case-B | Case-A | Case-B
1 0.2 "1.0H 1.0H 1.0H 22.66 2232 -0.67| . -0.80 145 1.19
1.0H 1.0H 2.0H 25.53 23.62 1.10 .30 3.10 1.54
1.0H 1.0H 3.0H 29.12 23.65 4.14{ . -0.04 6.06 1.72
1.5H 1.5H 1.0H 22.14 22.06 -0.76 -0.79 “1.30 1.22
1.5H | 1.5H 2.0H 23.65 23.07 -0.03 -0.41 1.90] 142
1.5H | 1.5H 3.0H 2478)  2308] - 118 0.17 303 1.58
20H | 2.0H 1OH | 2177 21.74f -0.78]  -0.79 1.25 1.22
20H | 2.0H 20H | 23.00f. 2277 032y .-044 1.58 1.39
2.0H | 2.0H 3.0 23.37 22.69 0.27 -0.25 2.08 148
2 03 1.0H 1.0H 1.0H - 17.14 16.91 .58 -0.65 1.02 0.83
1.0H 1.0H 2.0H 19.06 17.77 0.62 -0.29 2.12 1.07
1.0H 1.0H 3.0 21.44 17.79 2.66 -0.11 4.09 1.18
1.5H 1.5H 1.0 16.80 16.74 -0.63 -0.64 091 0.85
1.5H 1.5H 2.0H 17.80 17.41 --0.13 -0.37 1.31 0.98
1.5H 1.5H 3.0H 18.55 17.42 0.70 0.191°  2.06 1.09
- 2.0H 2.0H 1.0H - 16.56 16.54 -0.64 -0.64 0.88 0.85
2.0H 20H | 2.0H 17.38 17.23 -0.31} -0.39 ‘1.10 0.96
2.0H 2.0H 3.0H 17.62 17.17 0.10 -0.24 143 1.03
3 04 1.0H 1.0H 1.0OH 14.26 14.09 -0.49 -0.54 0.77 0.63
- 1.0H 1.0H 2.0H 15.71 14.75 0.42 -0.26 1.60] - 0.80
1.0H 1.0H 3.0H 17.49 14.75 1.96] - -0.11 3.09 0.90
1.5H 1.5H 1.0H 14.02 13.98 -0.53 -0.54 0.69 0.65
1.5H 1.5H 2.0H 14.78 14.49 -0.14 -0.32] . 1.00 0.74
1.5H-{ 1.5H 3.0H 15.33 14.48 0.48 -0.17 1.56 0.83
2.0H 2.0H 1.0H 13.85 13.83 -0.531 - 053 0.67 0.65
2.0H 2.0H 2.0H 14.46 14.35 0.28]  -033 0.83 0.73
2.0 2.0t 3.0l 14.63 14.29 0.04 -0.21 1.08 0.78
4 0.5 1.0H 1.0H 1.0H 1250 1236 -0431 <046 0.62 0.50
1.0H 1.0H 20H | 13.66 12.89 0.31 -0.22 1.28 0.64
1.0H 1.0H 3.0H 1507} - 12.88 1.54 -0.10 2.47 0.72
1.5H 1.5H 1.0H 12.31 12.27 -045 -0.46 0.55 0.51
1.5H 1.5H 2.0H . i291 12.68 -0.14 027 0.80. 0.59
1.5H 1.5H 3.0H 13.35 ,12.67‘ 0.37| -~ -0.15 1.25 0.66
2.0H 2.0H 1.0H 12.17 11.01 -0.45 -0.40 0.53 0421
20H | 20H 2.0H 12.66 12.57 -0.25 -0.28 0.66 0.58
2.0H 2.0H 3.0H 12.79 12.52 0.01 -0.18 0.87 0.62
) 0.6 1.0H 1.0H 1.0H 11.29 11.18 -0.38 -0.40 0.51 T 041
1.0H 1.0H 2.0H 12.25 11.61 024 ~0.20 1.07 0.53
1.0H 1.0H 3.0H 1343 11.61 1.27 -0.09 2.06 0.59] -
1.5H 1.5H 1.0H 11.13 11.10 -0.40 -0.40 0.46 042
1.5H 1.5H 2.0H 11.64 11.44 -0.13 -0.24} 0.66 048
1.5H 1.5H 3.0H 11.99 11.43 0.30 -0.13 1.04 0.55
2.0H 2.0H 1.0H 11.02 11.01 -0.40 -0.40 0.44 042
2.0H 2.0H 2.0H 11.43 11.36 -0.22 -0.25 0.55 048
2.0H 2.0H 3.0H 11.54 11.31 0.00|" -0.16 0.72 0.51
6 0.8 1.0H 1.0H 1.0H 9.75 9.66 -0.30 -0.32 0.37 0.29
1.0H 1.0H 2.0H 10.47 9.99 0.16 -0.16 0.79 0.38
1.0H 1.0H 3.0H 1134} 998 - 094 -0.08 1.54 0.44
1.5H I.5H 1.0H 9.63 ©9.61 -0.32|. -0.32 0.33 0.31
1.5H 1.5H 2.0H 946 _ 9.86 -0.10f = -0.19 0.43{ 0.35
1.5H 1.5H 3.0H 1027 9.85 0.21 -0.11 0.77 2.68
2.0H 2.0H 1.0H 9.55 9.54 -0.32 -0.32 0.32 0.31
2.0H 2.0H 20H . 9.86 9.80 .18 -0.20 0.40 0.35] .
2.0H 2:.0H 3.0H " 993 9.76 -0.01 -0.13 0.53 0.38
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Table 3.7 . Comparison between Part-1A and Part-1B Study of Vertical Displacement

with different Rigidity of Foundation in any Foundation Extent
. ‘Vertical (nm)
Case No. Fo;r;:i:::on EF/ED Crest Heel Toe
| Case-A | Case-B | Case-A | Case-B | Case-A | Case-B
1 uis 1H 0.2 3.53 - 357 4.60 4.63| -6.28 -6.17
D/S t1H 0.3 2.31 2.35 322 324 -3.98 -3.91
Bottom IH 04 1.69 1.71 249 2.50 - 289 -2.83
0.5 1.31 1.33 203 2.04 225 221
0.6 1.05{ - 1.06 1.72 1.73 -1.84 -1.80
0.8 0.72 0.73 132 1.32 -1.34 -1.31
2 urs 1H 0.2 257 2.84| 3.58 3.83 -8.17 -7.61
D/S 1H 03 1.67 1.85 253 [ 269 -5.26 489
Bottom 2H 04 1.21 1.34 1.96] 2.09 -3.85 -3.57
0.5 0.92 1.03 161 1.71 -3.03 -2.80
0.6 0.73 0.82 1.36 1.45 249 230
0.8 0.48 0.54 1.05 1.11 -1.83 -1.69
3 us iH 0.2 1.64 1.87 2.59( 2.80 9.63 -8.50
D/S 1H 03 1.05 1.21 1.85 1.99 -6.25 -5.49
Bottom 3H 04 0.74 0.86 1.45 1.55 -4.60 -4.03
05 0.55 0.64 1.19 1.28 3.63 -3.18]
0.6 041 0.49 1.01 '1.09 -3.00 2.62
08 0.24 0.30 0.78 0.84 222 ‘ -1.93
4 us 1.5H 02 340 343 443 445 -6.08 -6.05
D/S 1.5H 03 223 2.25 3.10 3.11 -3.86 3.84
Bottom  IH 04 1.63 1.64| 239 2.40 -2.80 2.9
: 0.5 1.26 1.27 1.95 1.96 2.18 -2.17
0.6 1.01 1.02 1.65 1.66 -1.79 -1.78
08 0.69 0.70 1.26 1.27 -1.30 -1.29
5 U/s L5H 02 247 2.65( 345 3.62 -71.70 -7.44
D/S 1.5H 03 1.60 1.72 2.44 2.55 -4.95 -4.78
Bottom 2H 04 1.16 1.25 1.89 1.98 362 -3.49
’ 0.5 0.88 0.96 1.55 1.62 -2.85¢ -2.74
0.6 0.69 0.75) 1.31 1.37 2.34 2.25]
08 0.37 0.50 0.91 1.05 -1.52 -1.66
6 us 1.5H 02 1.51 "1.88 2.44 2.79 -8.69 -8.12
D/S 1.5H 0.3 0.96 121 1.75 1.99 -5.63 -5.24
Bottom 3H 04 0.67 0.86 1.37 1.55 -4.14 -3.85
0.5 0.49 0.641 1.13 127 -3.26 -3.03
0.6 0.37 049 0.96 1.08 -2.69 -2.50
0.8 0.21 -0.11 0.74 1.17 -1.99 -3.22
7 uss 2H 0.2 3.28 329 4.27 4.28 -5.92 -5.91
D/S 2H 03 2.15] . 2.16 298 299 '3.76 -3.75
Bottom 1H 04 1.57 1.57 2.30 231 273 272
0.5 1.21 097 1.88 1.59 -2.13 -1.74
0.6 0.97 097 1.59 1.59 -1.74 -1.74
0.8 0.66 0.66 1.21 . 122 -1.27 -1.27
8 L/A) 2H 0.2 2.40 249 3.36 344( -747 -7.35
D/S 2H 0.3 1.56 1.62 2.37 242 -4.81 4.73
Bottom 2H 0.4 .13 - 117 1.84 1.88 -3.52 -3.46
0.5 10.86 " 0.90 1.51 1.54 2.77 2.72
0.6 0.67 0.70 '1.28 1.31 227 223
0.8 044 0.46 0.98 1.00 -1.67 -1.64
9 u/s 2H 0.2 1.49| 1.77 2.40 2.67 -8.32 797 .
D/S 2H 03 0.95 1.14 1.72 1.90 -5.38 -5.15
Bottom 3H 0.4 0.67 0.81 1.35 1.48 -3.95 3.78
0.5 0.49 0.60 1.11 1.22 -3.12 298
0.6 0.36 0.46 0.95 1.04 2.57 245
0.8 0.20 0.27 0.73 0.80 -1.90 -1.81
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" Table 3. 8 Comparlson between Part -1A and Part ~1B Study of Vertical Dlsplncemcnt with

different Foundation Extent in any ngldlty of Foundatlon
H

Foundation Extent i Vertical (mm)
Case No.| EF/ED . Crest Heel Toe

u/s D/S | Bottom| Case-A | Casé-B:| Case-A | Case-B | Case-A | Case-B
1 - 02 1.0H 1.0H 1.0H 3.53 3.57 4.60 4.63) -6.28 -6.17
1.0H 1.0H 2.0H 2.57 2.84 3.58 3.83 -8.17 -7.61
1.0H 1.0H 3.0H 1.64 1.87 2.59 2.80 9.63 -8.50
1.5H 1.5H 1.0H 3.40 343 4.43 445 -6.08 -6.05
1.5H 1.5H 2.0H 247 2.65) 345 362 -71.70 -7.44
1.5H 1.5H 3.0H 1.51 issf 244 2.79 -8.69 8.12
2.0H 2.0H 1.0H 3.28 3.29 4.27 428 -5.92 -5.91
2.0H 2.0H 2.0H 240 2.49 3.36 344 747 -7.35
2.0H 2.0H 3.0H 1.49 1.77 2.40 267 -8.32 -1.97
2 03 1.0H 1.0H 1.0H 2.31 2.35 3.22 324 -3.98 -391
1.0H 1.0H 2.0H 1.67 1.85 2.53 2.69 -5.26 -4.89
1.0H 1.0H 3.0H 1.05 1.2 i 1.85 1.99 £6.25 -5.49
1.5H 1.5H 1.0H 223 2.25 3.10 3.11 -3.86 -3.84
1.5H 1.5H 2.0H 1.60 1.72 244 2.55 -4.95 -478
1.5H 1.5H 3.0H 0.96 1.21 1.75 1.99 -5.63 -5.24
2.0H 2.0H 1.0H 2.15 2.16 298 299 -3.76 375
2.0H 2.0H 2.0H 1.56 1.62 2.37 242). -.c 4811 - 473
20H 20H 3.0H 0.95( ° 1.4 1.72 1.90 -5.38{" -5.15
3 04 1.0H 1.0H 1.0H 1.69 1.71 249 2.50 -2.89 -2.83
1.0H 1.0H 2.0H 1.21 1 34 1.96 2.09 -3.85 -3.57
1.0H 1.0H 3.0H 0.74 086 1.45 1.55 -4.60 -4.03
1.5H 1.5H 1.0H 1.63| 1.64 239 2.40 -2.80 2.79
1.5H 1.5H 2.0H 1.16 1.25 1.89 1.98 -3.62 349
1.5H 1.5H 3.0H . 0.67{ - 0.86 1.37 1.55 4.14 -3.85
- 2.0H 2.0H 10H 1.57 1.57 2.30 T 231 27 0 272
2.0H 2.0H 2.0H 1.13 1.17 [.84 1.88 -3.52 -3.46
2.0H 2.0H 3.0H 0.67 0.81 1.35 1.48 -3.95 -3.78
4 0.5 1.0H 1.0H 1.0H 1.31 1.33 2.03 2.04] 2.25 221
1.0H 1.0H 2.0H 0.92 1.03 1.61 1.71 -3.03 -2.80
1.0H 1.0H 3.0H 0.55 0.64 1.19 1.28 -3.63 -3.18
1.5H 1.5H 1.0H 1.26 1.27 1.95 1.96 . 218 2.17
1.5H 1.5H 2.0H 0.88 0.96 1.55 1.62 -2.85 2.74
1.5H 1.5H 3.0H 0.49 Q.64 1.13 1.27 -3.26 -3.03
2.0H 2.0l 1.0H 1.21 0.97 1.88 [59] - -2.13 -1.74
2.0H 2.0H 2.0H 0.86 0.90 1.51 1.54 2.77 -2.72
2.0H 2.0H 3.0H 0.49 0.60 I.11 1.22 -3.12 -2.98
5 0.6 1.01 1.0H 1.0H 1.05 1.06 1.72 1.73 -1.84 -1.80
1.0 1.0H 2.0H 0.73 0.82 1.36 145 -2.49 -2.30
1.0H 1.0H 3.0H 041 0.49 1.01 1.09 -3.00 -2.62
1.5H 1.5H 1.0H 1.01 1.02 1.65 1.66 -1.79 -1.78
1.5H 1.5H 2.0H 0.69 0.75 1.31 1.37 -2.34 -2.25
1.5H 1.5H 3.0H 0.37 0.49 0.96 1.08 -2.69 -2.50
2.0H 2.0H 1.0H 0.97 0.97 1.59 1.59 -1.74 -1.74
2.0H 2.0H 2.0H 0.67 0.70 1.28 1.31 227 -2.23
2.0H 2.0H 3.0H 036 046 0.95 1.04 -2.57 245
6 0.8 1.0H 1.0H 1.0H 0.72 0.73 1.32 1.32 -134 -1.31
1.0H 1.0H 2.0H 0.48 0.54 1.05 1.11 -1.83 -1.69
1.0H 1.0H 3.0H 0.24 0.30 0.78 0.84 222 -1.93
1.5H 1.5H 1.0H 0.69 0.70 1.26 1.27 -1.30 -1.29
1.5H 1.5H 2.0H 037 0.50 0.91 ©1.05 -1.52 -1.66
1.5H 1.5H 3.0H 021 -0.11 0.74 1.17 -1.99 -3.22
2.0H 2.0H 1.0H 0.66 0.66 1.21 1.22 -1.27 -1.27
2.0H 2.0 2.0H 044 0.46 0.98 1.00 -1.67 -1.64
20H 2.0H 3.0H 0.20 027 0.73 0.80 -1.90 -1.81
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3.2.2 Stresses

Stresses in concrete gravity dam are of impbrtance. By knowing the stresses in
dam body, the dimension of dam section can be opﬁmized. Concrete as a material of
dam is strong enough to resist compressive stress, but not too strong to resist the tensile
stress. That is why ‘the allowable tensile stress is taken around 1/ 10" of allowable

compressive stress.
Tables 3.12 and 3.13, and Figures 3.11 and 3.12 indicate the horizontal and

vertical stresses at heel and toe with boundary condition-A. From Table 3.12, it is
evident that with any foundation extent, the horizontal stress tends to decrease both at
heel and toe with increase in rock modulus of foundation. But at heel the decreasing
rate is nét that steep as at toe (see Figure 3.11). Tensile stress occurs at heel and
compressive stress at toe. From these tables in any foundation extent, the vertical stress
at heel tends to increase and that at toe tends to decrease with increase in rock-
modulus (see Figure 3.12). Here, tensile stress also occurs at heel and compressive
stress at toe. Table 3.13 indicate the effect of foundation extent at any rock modulus of
foundation against horizontal and vertical stresses. From this table, it éan be scen that
as the depth of the foundation extent at any lateral extent, increase both the horizontal
~ and vertical stresses tend to decrease. -
Tables 3.14 and 3.15, and Figures 3.13 and 3.14 show the horizontal and
vertical stresses at heel and toe with boundary condition-B. From these results, it can be
~ seen that for each foundation extent and each value of foundation elasticity, the
horizontal and. vertical stresses at heel and toe are of the same order as in case of
boundary condition-A. Tensile stress occurs at heel and compressive stress at toe
(Figures 3.13 and 3.14). From Table 3.15, it can be seen that-at any foundation
elasticity, as depth of the foundation extent at any lateral extent increases the horizontal
and vertical strésses at heel and toe tend to decrease. Logically, due to horizontal water
pressure acting at the vertical upstream face of dam, a clockwise acts on the dam body
which will lift the heel of dam up and press the toe of dam into foundation. So, due to
this pressure, tensile stress will occurslat heel and compressive stress at toe. Uplift |
preséure which act at the base of dam will also lift the dam up especially at heel where

it will be maximum. Here, the equilibrium occurs when the g gravuy load works to resist
GOS8 12. &8
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these external pressures. The gravity load causes stress along the base of dam. The

maximum cdmpfessive stress works at heel and minimum compressive stress at toe. -
So, stress at heel will be vary from tension to compression acéording to the weight-age

of each pressures or ldéds. If at heel, tensile stress of external pressures is bigger than

compressive stress due to gravi'ty, so that point will be in tension otherwise

compression. At toe, it is clear that compressi\}e stress dominantly works at that point

because compressive stress is yielded both by gravity load and water pressure.

- Tables 3.16 and 3.17, and Figures 3.15 and 3.18 show the comparison of
horizontal and verticai stresses between boundary condition-A and condition-B. From |
These tables and figures, it can be note;i'that there is iqéignificaht’ change in vertical
stresses at the heel and toe in the two cases. The variation in horizontal stresses at toe is:
also negligible. _The difference in horizontal stresses at heel reduces as the lateral extent
1s increased. »

Tables 3.18 and 3.19 show the shear and principal stress at heel and toe of
condition-A. It éan be seen from the tables that as the foundation elasticity increases;
shear stress at heel tends to increase slightly and at toe it decreases at any foundation
extent. The same trend is depicted with the increase in foundation extent also. The
same trend of change in shear stress value has t;een observed with boundary condition- -
B (Tables 3.20 and 3.21). |

Comparison of shear stress between two boundary conditions can be seen in
Tables 3.22 a1:1d 3.23 and Figure 3.19. From these tables, the shear stress at condition-
A is seen less than that with conditioh-B. At wider lateral extent, it can be noted that
the shear stress at condition-A is nearly same as condition-B. From Figure 3.19, it can
also be seen that the shear stress at heel and toe show the same behavior. The
difference in shear stress at toe is less than that at heel.

The principal stresses at heel and toe with boundary condition-A can be seen in
Tables 3.18 and 3.19. From Table 3.18, it can be scen that at vhecl, with increase in
value of foundation elasticity at any foundation extent, the major principal stress tends
to increase but it tends to decrease at toe. At any foundation elasticity, with wider and
deeper foundation extent, the principal stress at heel and toe tend to decrease. Minof
principal stress at heel is not seen to be affected by value of foundation elvasticity but at

toe, it has shown decreasing trend with increase in elastic modulus of foundation. Table

Finite Element Anialysis of Concrete Gravily Dam on Stratified Foundations
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3.19 shows the principal stresses with variable foundation extent _ageinst diffefent value
of foundation elasticity. . |
In conditien-B, the trend in change of values of principal stresses is found
similarly to that with condition;A (Tables 3.20 and 3.21). 4 |
» Comparisoh of the principal stresses in between boundary condition-A and B can‘
be seen in Tables 3.24 and 3.25. It can be seen that the principal stresses with boundary
condition-A are slightly more than those with condition-B at heel, and sligl}i"tlly less at
toe. This trend is shown in Figure 3.20 also. This figure also shows the inereasing and
- decreasing trend of | major principal stress at heel and toe with change in foundation
elasticity. _ l S
Table 3.26 and Figures 321 to 3.24 show the stresses of part-1C study with
changed Poisson’s ratio. Freln These tables and figures, it can be seen that horizontal
stress at heel and toe tend to decrease with inerease in value of the foundation
elasticity. Vertical stress at heel tends to increase while at_tﬁe toe it tends to decrease
- with increase in the value of foundation elasticity. Shear stress and major'pfineipal
stresses in this case tend to increase at heel and decrease ;at toe. It also can be noted that”
these increasing and decreasing rate in shear stres‘s and principal stresses are sharper in
foundatlon elasticity range of 0.2 to 0. 6 as compared to the foundation’ elast1c1ty range
of 0.6 to 0.8. )
wCQmparison of stresses with two values of Poisson’s ratio between part-1B and
part-1C  of this study can be seen in Tables 3.27 to 3.29 and Figures 3.25 to 3.28.
,From Table 3.27 and Figure 3.25, it can be seen that at heel difference in the
horizontal stress is somewhat more than that at toe. Whlle in vertlca] stress, the -
difference is marg,mal both at heel and toe with i mcreasmg foundatlon elastlcny (see
Table 3.27 and Figure 3.26). From Table 3.28 and Figure 3.27, it can also be seen that
at heel, the shear stress in case of pari-1C is less than l_hat of part-1B but at toe it is
more. And t]_ﬁevdi‘fference is marginal with increase in foundation elasticity. The major
- principal stresses at heel in part-1C are slightly more than those in part-1B-study But at

toe these are slightly less (see Table 3.29 and Figure 3.28).

Finite Element Analysis of Concrete Gravity Dam on Stratified Foundations
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3.12 Horizontal and Vertical Stress at Heel and Toe with different Rigidity of

Table
Foundation in any Foundation Extent of Part -1A Study ( Ton/m?)
. Horizontal Vertical
Case No. | Foundation Extent { EF/ED Heel Toe Heel Toe
1 uls 1H 0.2 3793 48.79 68.19] -12.05
D/S "1H 03 37.48 -46.55 74.54 -64.86
Bottom IH 0.4 37.23 -44.67 78.49 <59.96
0.5 37.11 ~43.10 81.19 -56.39
Q4 37Mm 4175 2309 5363
038 3691 3958 25.58 2062
2 Us . 1H 02 . 28.19 4331 55.71 67.07
' D/S 1H 03 27.69 4127 61.05 61.23
Bottom 2H 04 2748 -39.59 6435 5725
. 05 2740 -38.19 66.58| 5434
0.6 2736 -37.02 6815 3208
e 0.8 27.38 35.18 70.26 -48.81
3 u/s 1" a2 21.68 -37.13 4830 6230
DS 1H 03 21.29 -35.24 52.86 -57.31
Bottom 3H 0.4 -~ 2118 -33.74 55.64 -53.94
) 0.5 " 2117 32.52 57.50 5147
0.6 21.20 31.52 58.80 -49.56|
08 21.29 -29.97 60.53 46.79
4 uss 1.5H 0.2 34.07 ~46.43 63.39] - £67.70
D/s 1.5H - 0.3 33.54 ~44,35 69.27 -61.02
Bottom 1H 04 33.28 -42.59 72.92 -56.50(
0.5 33.12 41.10 75.36 -53.20
0.6 33.02 39.82 77.06 -50.65
0.8 3291 3775 79.28 46.95
5 urs LSH 02 26.53 -43.48 53.36 -64.85
DS 1.5H 03 26.02 4137 . 5845 -59.22
Bottom 2H 04 25.82 -39.64 61.60] -55.41
' 0.5 25.75 -38.20 63.71 -52.60
0.6 25.73 -36.99 65.20 -50.44
_ 0.8 25.78 -34.34 67.83 -46.09
6 “us 1.5 0.2 20.59( -38.39 46.88 -61.11
DS 151 03 20.23 -36.35 51.30 -56.22
Bottom 3H 0.4 20.15 23472 54.00 -5291
: 0.5 20.17 -33.41 5580 .7 -5048
0.6 2022 -32.33 57.06] -48.61
0.3 20.35 -30.67 58.73 -45.88
7 us 2H 0.2 3142 ~44.25 59.78 6423
DS . 24 03 30.87 42,26 6533 5795} .
Bottom 1H 04 30.58 -40.58 68.71 -53.72
0.5 30.41 -39.15 70.94 ~50.63
0.6 30.30 -37.93 72.50 4826
0.8 30.17 3595 7448 44 81
8 Uss 24 0.2 25.13 4272 51.44 -62.69
D/S 2H 0.3 24.63 -40.60}. 56.34 -5727
Bottom 2H 04 24.43 -38.85 5933 -53.59
0.5 2436 3740 6132 -50.90
0.6 24.34 36.20 6272 4882
0.8 24.37 - -34.30 64.54 ~45.79
9 u/s 2H 0.2 19.76 -38.47 45.74 -59.77
: D/S 2H 0.3 19.43 3636 50.08 -55.00
Bottom 3H 04 19.36 34.67 5267 -51.75
0.5 19.39 -33.32 54.40 49.37
0.6 19.44 -3220 55.60 47.54
0.8 19.58 -30.51 57.19 -44.87

;%_
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3.13 Horizontal and Vertical Stress at Heel and Toe with different Foundation

Table
Extent in any Rigidity of Foundation of Part -1A Study  ( Ton/w*)
Case No. | EF/ED Foundation Extent '_Horizontal Vertical
U/s D/S Bottom Heel " Tee Heel Toe

1 .02 1.0 1.0H 1:0H 3793 -48.79 68.19 -72.05
' 1.0H 1.0H 2.0 28.19 4331 55.71 -67.07
1.0H 1.0H 3.0H 2168 4373 48.30 -62.30

1.5H 15H " 1.0H 3407 4643 63.39 67.70

.51 1.51 2.0 26.53 4348 " 5336 -64.85

1.511 1.5H 3.0H 20.59 3839 46.88 61.11

2.0H 2.0H 1.0H 3142 4425 59.78 6423

2.0H 2.0H 2.0H 25.13 -42.72 51.44 -62.69

2.0H 2.0H 3.0H 19.76 - 3847 45774 -59.17

2 03 1.0H 1.0H 1.0H 37.48 -46.55 74.54 -64.86
1.0H 1.0H 2.0H 27.69 4127 61.05 6123

1.0H 1.0H 3.0 21.29 . 3524 52.86 -5731

1.5H 1.5H 1.0H 33.54 4435 69.27 -61.02

1.5H 1.5H 2.0H 26.02 4137 5845 5922

1.5H 1.5H 3.0H 20.23 -36.35 51.30 -56.22

2.0H 2.0H 1.0H 30.87 4226 65.33 -5795

2.0H 20H 2.0H 24.63 ~40.60 56.34 5727

2.0H 2.0H 3.0H 19.43 3636 . 5008 -5500

3 0.4 1.0H 1.0H 1.0H 3723 4467 7849 -59.96
1.0H 1.0H 2.0H 2748 -39.59 6435 -5725

1.0H 1.0H 3.0H 21.18 -33.74 55.64 -53.94

1.5H 1.5H 1.0H 3328 4259 72.92 -56.50

1.5H ‘1.5H 20H 25.82 -39.64| 61.60 -5541
1.5H 1.5H 30H 20.15 3472 54.00 52911

2.0H 2.0H 1.0H 30.58 -40.58 68.71 5372

2.0H 20H 20H 2443 -38.85 5933 -53.59

2.0H 2.0H 3.0H 19.36 34.67 52.67 5175

4 0.5 1.0H 1.0H 1.0H 37.11 43.10 81.19 -56.39
: 1.0H - 1.0H 2.0H 27.40 38.19 66.58 -5434
1.0H 1.0H 3.0H 21.17 32.52 57.50 -51.47

1.5H 1.5H 1.0H 33.12 41.10 7536 -53.20

1.5H 1.5H 2.0H 2575 -38.20 6371 -52.60

15H | LsH 3.0H 20.17 -33.41 55.80 -50.48

2.0H 2.0H 1.0H 3041 -39.15 70.94 -50.63

2.0H 2.0H 2.0H 24.36 3740 61.32 -50.90

2.0H 2.0H 3.0H 19.39 -33.32 5440 4937

5 06 1.0H 1.0H 1.0H 37.02 41.75 83.09 -53.63
1.0H {.0H 2.0H 27.36 37.02 68.15|  -52.08

1.0H 1.0H 3.0H 21.20 31.52 58.80 -49.56

1.5H 1.5H 1.0H 3302 - -39.82 77.06 -50.65

1.5H 1.5H 2.0H 25.73 -36.99 65.20 -50.44

1.5H 1.5H 3.0 20.22 32.33 57.06 4861

2.0H" 20H 1.0 . . 3030 -37.93 72.50 4826

. 2.0H 2.0H . 2.0H 2434|. -36.20 62.72 -48.82

2.0H 20H 3.0H 19.44 -32.20 55.60 -47.54

6 .08 1.0H 1.0H 1.0H - 36.91 -39.58 85.58 -49.62
1.0H 1.0H 2.0H 2738 -35.18 70.26 4881

1.0H 1.0H 3.0H 21.29| 2997 60.53 -46.79

1.5H 1.5H 1.0H 3291 3175 79.28 -46.95

1.5H 1.5H 2.0H 25.78 -34.34 67.83 -46.09

1.5H 1.5H 3.0H 2035 -30.67 58.73 45.88

2.0H 2.0H 1.0 30.17 -35.95 74.48 4431

2.0H 2.0H 2.0H 24.37 34.30 64.54 -45.79

2.0H 2.0H 3.0 19.58] - -30.51 57.19 44.87
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Table

314 Horizontal and Vertical Stress at Heel and Toe with different Rigidity of
Foundation in any Foundation Extent of Part -1B Study. (Ton/m?) '
. Horizontal - ] Vertical
Case No. | Foundation Exfent EF/ED Heal Too Heel Toe
1 u/s 1H 0.2 35.25 T 5182 67.85| 72,62
D/S 1H 0.3 34.75 © 49.60 74.06| . -65.47
Bottom 1H 04 34.51 -47.67 77.94 -60.59
0.5 3442 -46.03 80.59) -57.01
0.6 3438 -44.62 8249 5423
0.8 3437 4232 84.99 -50.18
2 uss 1H 0.2 25.42| -47.10| 5539 = 6766
D/S 1H 0.3 24.89 -45.011 60.56 61.86
Bottom 2H 0.4 24.73 4322 63.79 -57.90
: - 0.5 241 41.72 66.00 54,97
0.6 2474 -40.44 67.56 52.69
0.8 L 2487 . -3841 69.67 49.37
3 uss - 1H 0.2 1968 4120 48.12 6278
D/S 1H 0.3 : 19.26 -39.21 52.54 -57.83
Bottom 3H 04 : 19.19 -37.56 55.26 -54.45
0.5 19.24 36.20 5709  -51.97
06 19.32 3507 58.40| - -50.04
, 08 19.52 3332 60.14 4122 .
4 us 1.5H 0.2 33.11 -47.60 6331 6787
D/S 150 03 051 45.52 69.14 6124
Bottom  IH 04 3231 ~43.75 72,77 -56.70
: ' 0.5 32.17 4223 75.18 -53.39
06 32.09 - 4092 76.88 -50.84
0.8 3201]. -38.81 79.09 4713
5 uis 1.5H 0.2 ‘ 24.49 -45.68 53.13 65.22
D/S 1.5H ° 03 T 2401 "u43.52 58.13 -59.61
Bottom 2H 04 23.87 4172 6125 -55.80
0.5 23.85 4021 63.34 -52.99
0.6 23.88 -38.93 64.82 -50.80
08 24.00 -36.93 66.79 -47.62
6 u/s "1SH 02 | 18.92 40.62 4672 -61.41
' /s 1.5H 03 18.60 -38.51 51,08 -56.54
Bottom 3H 0.4 18.57 -36.80 53.75 -5323 .
0.5 X 1865 . . -3541 55.53 -50.79
0.6 ' 18.74 34.25 56.79 -48.89
0.8 18.95 3248 58.46 46.14 .
7 uss 2H 02 31.06 -44.70 59.75 - 6428
: DS 2H 03 30.50 4271 6528 -58.02
Bottom  1H 04 3021| 41.02 68.65 -53.78
0.5 30.05 39.58 70.88 -50.70
0.6 : 29.95 -38.35| 7243 -48.32
0.8 29.83 36.36 74.42 -44.87
8 L Us 2H 02 T 2381 44.16 5132 -62.92
D/S 2H - 03 23.33 4198  56.15 -57.51
Bottom 2H - 04 C23.17 40.18] - 59.12 -53.83
' 0.5 23.14 -38.69 61.10 5114
0.6 23.15 37.44 62.49 -49.04
08 2324 3547 64.31 -45.99
9] us 2H 0.2 18.37 -40.04 4561 -60.01
DIS 2H 03 18.09 -37.85 49.89 -55.24
Bottom 31 04 18.08 -36.09 52.46 -51.99
0.5 18.15 -34.68 54.17 49.59
06 1325 A5 5538 4135 .
038 1845 3173} 56.98 -15.06




Results and Analysis

Table - 3.15 Horizontal and Vertical Stresses at Heel and Toe with different .
Foundation Extent in any Rigidity of Foundation of Part -1B Study (Ton/m*)
Case No. EFIED Foundation Exfent Ht_)rizont? Vertical
: U/S D/S- Bottom Heel Toe Hee) Toe

1 02 1.OH 1.0H 1.0H . 35.25¢ -5]1.82 67.85 -72.62
1.0H. 1.0H 2.0H 2542 47.10 55.39 . -67.66

10H. | 1OH 3.0 19.68 T 4120 48.12 -62.78

1.5H 1.5H LOH | - 3311 47.60 6331 = -67.87

1.5H 1.5H 2.0H - 2449 -45.68 53.13 6522

15H | 1.5H 3.0H 18.92 4062~ 46.72 -61.41

2.0H 2.0 1.0H 3106 4470) - 59.75] . -64.28

2.0H 2.0 " 20H 2381 -44.16 5132| -62.92

2.0H 2.0H . 30H 18.37 -40.04 4561 . -60.01

2 03 1.0H 1.0H 1.0H 34.75 49601 . 74.06 -65.47
1.0H 1.0H 2.0H 24.89 -45.01 60.56 -61.86

10H | 1.0H 3.0H 19.26 3921 52.54 -57.83
1.5H I.sH 1.0H 3257 4552 69.14 © 61211

1.5H LSH 2.0H 24.01 43.52 58.13 -59.61

1.5H 1.5H 3.0H 18.60 3851  51.08 -56.54

2.0H 2.0H 1.0H 30.50 4271 65.28 -58.02

2.0H 2.0H 20H 2333 -41.98 56.15 -57.51

2.0H 2.0H 3.0H 18.09 37385 49.89 -5524

3 04 10H | 1.0H 1.0H 34.51 47.67 7794 - -60.59
1.0H 1.0H 200 | . 2473 4322 63.79 -57.90

1.0H 1.0H 3.0H ©19.19 -37.56 55.26 -54.45

1.5H 1.5H 1.0 3231 4375 7277 ~56.70

1.5H | LSH 2.0H 23.87 -41.72 6125 -55.80

1.5H 1.5H 3.0H 18.57 -36.80] 5375 -53.23

2.0H 2.0H 1.0H 30.21 . -41.02 68.65 ~53.78

2.0H 2.0H 2.0H 23.17 -40.18 - 59.12 -53.83

2.0H 2.0H 3.0H : 18.08 -36.09 5246 -51,99

4 05 1.0H 1.0H 1.0H 34.42 4603 8059 -57.01
1.0H " 1.0H 20H 241 4172 66.00 -5497

1.0H 1.0H 3.04 19.24 -36.20 . 5709 ©  -51.97

1.5H. 1.5H 1.0H 32.17 4223 75.18 -53.39

1.5H 1.5H 2.0H 23.85 4021 6334 -52.99

1.5H 1.5H' 3.0H 18.65 35.41 5553 - -50.79

2.0 2.0H 1.0 30.05 -39.58 . 7088 = -50.70

2.0H 2.0H 2.0H 23.14 3869 6110 5114

2.0H 2.0H 3.0H 18.15] -34.68 54.17 49.59

5 0.6 1.0H 10H | 1.0H 34.38 -44.62 " 82.49| -5423
1.0H 1.0H 20H 24.74 4044 . 61.56 -52.69

1.0H 10H [ 30H | 19.32 35.07 .58.40 -50.04

1.5H 1.5H 1.oH 32.09 -40.92 76.88 -50.84

1.5H 1.5H 20H 23.88 -38.93 64.82} -50.80

1.5H 1.5H 3.0H 18.74 34.25 56.79 '48.89

2.0H 2.0H 1.0H ‘2995 - 3835 7243 -48.32

2.0H 20H 2:0H 23.15 -37.44 62.49 -49.04

"2.0H 20 .| 30H 1825 - -33.52 5538 -41.75

.6 - 08 1.0H -| LOH 1.0H 34.37 -42.32 84.99 -50.18
1.0H 1.0H 2.0H 24.87 -38.41 . 69.67] . -49.37

1.0H 1.0H 3.0H 19.52 33.32] 60.14 47.22

1.5H 1.5H 1.0H 32011 - 3881} " 79.09 -47.13

1.5H 1.5H 2.0H 24.00' 36931  66.79 -47.62

1.5H 1.5H 30H 18.95 3248 58.46 -46.14

2.0 200 | 1.0H 29.83 -36.36 74.42 44.87

2.0H 2.0H 2.0H ' 23.24 -35.417 6431 -45.99

2.0H 20H 3.0H 1845 3173 56.98 -45.06
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Table - 3.16 Comparison between Part -1A and Part -1B Study of Horizontal and Vertical
Stresses with different Rigidity of Foundation in any Foundation Extent (Tow/nf!)
. , : Horizontal Vertical
Case No. | Foundation Extent | EF/ED Heel Toe Heel Toe
: Case-A | Case-B | Casc-A | Case-B | Case-A | Case-B | Case-A | Case-B |
1 Uss 1H 0.2 37.93 3525] -4879| -51.82 68.19] 67.85( -72.05| -72.62
D/S 1H 0.3 37.48| 34.75| -46.55| =49.60 74.54| 74.06] -64.86] -65.47
. Bottom 1H 04 37.23 3451 44671 -47.67 7849  77.94 -59.96 -60.59
0.5 37.11 3442 -43.10( -46.03] 8119 80.59] -56.39| -57.01
0.6 37.02] 3438] -41.75] -44.62] 83.09} 8249] -53.63| -54.23
. 0.8 36.91 3437 -39.58] -42.32| © 85.58] 8499 -49.62| -50.18
2 urs 1 0.2 28.19( 2542 4331 -47.10] 5571 55.39] -67.07] -67.66
D/S 1H 03 2769 24.89] -4127| -45.01} 61.05] 60.56|] -61.23| -61.86
Bottom 2H 04 2748| 24.73| -39.59| 4322 6435 63.791 -57.25{ -57.90
0.5 2740f 2471 -38.19| -41.72] 66.58| ' 66.00| -54.34) -54.97
0.6 2736 24.74] -37.02] -4044] 68.15] 67.56] -52.08] -52.69] .
0.8 27.38] 24.87] -35.18) -3841 70.26] 69.671 -48.81| -49.37
3 RN 1H 0.2 21.68 19.68 -37.13( ~41.20{ 48.30( 48.12f -62.30| -62.78
D/S - 1H 03 21.29 19.26] -3524] -39.21 52.86| 52.54] -57.31| -57.83
Bottom 3H 04 21.18} 19.19| -33.74] -37.56] 55.64] 5526] -53.94 -54.45
0.5 21171 19.24 -32.52 -36.20| 57.50f 57.09 -51.47| -51.97
0.6 21.20 19.32| -31.52{ -35.07| 58.80} 5840 -49.56|.-50.04
0.8 21.29 19.52( -2997( -33.32{. - 60.531 60.14( -46.79| -47.22
4 u/s 1.5H . 0.2 3407 331 -4643] <4760 6339 6331] -67.70{ -67.87
‘ D/S 1.5H 03 3354 32.57) -44.35] 45521 69.27] 69.14] -61.02f -61.21
Bottom IH 04 3328 3231f .-~4259| -4375 7292 T72.77| -56.50| -56.70
: 0.5 33.12| 3217 -41.10] -4223| 7536} 75.18] -53.20| -53.39
0.6 33.02( . 32.09| -39.82 -40.92 77.06] .76.88] -50.65 -50.84
0.8 3291 32.01f: -37.75| -3881| .79.28] 79.09 -46.95 ~47.13
5 u/s 1.5H 0.2 26.53] 2449 4348| -4568] 5336 53.13] -64.85 -65.22
' D/S 1.5H 0.3 26.02] 2401} -4137] -43.52f 5845| 58.13] -59.22| -59.61
Bottom 2H 04 25.821 23.87| -39.64] 41.72] 61.60f 6125 -55.41| -55.80
) 05 . 25.75] . 23.85] -38.20{ 4021 63.71] 63.34] -52.60 -52.99
0.6 2573] 23.88] -36.99) -3893] 6520 64.82] -50.44| -50.80
0.8 25.78] 24.00] -34.34] -3693 67.83 66.79 -46.09] -47.62
6 Urs 1.51 0.2 20.59 18.92| -3839| -40.62| 46.83] 46.72| -61.11| -61.4l
D/S ‘'1.5H 0.3 20.23 18.60f -36.35} -38.51} 5130} 5108} -56.22} -56.54
Bottom 3H 0.4 20.15 18.57] -34.72| -36.80] 54.00} 53.75} -5291| -53.23
0.5 20.17) 18.65| -33.41) -3541] 5580} 5553} -50.48] -50.79
0.6 20221 1874 -32.33] -3425| 57.06] 56.79| -48.61| -48.89
0.8 20.35 1895| -30.67| -32.48 58.73 58.46| -45.88| -46.14]
7 U/S 2H 0.2 31.42] 31.06f -44.25] 44701 59.78] 59.75| -64.23] -64.28
D/S 2H 03 30.87| 30.50] -42261 -42.71} 6533| 6528} -57.95| -58.02
Bottom 1H 04 30.58| 30.21| -40.58] -41.02f 68.71 68.65| -53.72} -53.78
0.5 3041 30.058] -39.15] -39.58] 7094 70.88] -50.63] -50.70
0.6 30.30| 29.95{ -37.93| -3835} 72.50| 7243| -4826| -48.32
0.8 30.17| 29.83]1 -35.95| -36.36] 7448 74.42| -4481] -44.87
8 u/s 2H 0.2 25.13] 23.81| -42.72f -44.16 5144 5132} -62.69| -62.92
D/S 2H 03 24.63 23.33] -40.60] -41.98 56.34 56.15) -57.27] -57.51
Bottom 2H 0.4 2443| 23.17| -38.85{ ~40.18] 59.33f. 59.12{ -53.59( -53.83
' 0.5 2436{ 23.14| -37.40| -38.69 6132 61.10{ -50.90| -51.14
0.6 2434 23.15( -36.20{ -37.44| 62.72{ 6249{ -48.82{ -49.04
0.8 24371 2324} -3430{ -3547| 64.54] 6431 -4579F -45.99
9 u/s 2H 0.2 19.76 18.37) -38.47| 4004} 4574] 4561 -59.77f -60.01
DiS 2H 03 19.43 18.09{ -36.36| -37.85 50.08| 49.89 -5‘5f00 -55.24
Bottom 3H 04 19.36 18.08| -34.67| -36.09 52.67 52.46] -51.75] . -51.99
05 19.39 18.15{ -3332| -34.68] 5440 5417 -4937| -49.59
0.6 19.44 18.25] -32.20( -33.52] 55.60( 5538| -47.54| -47.75
0.8 19.58 1845{- -30.51| -31.73] 57.19] 56.98] -44.87] 4506} .
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Table 3.17 Comparison between Part-1A and Part-iB Study of Horizontal and Vertical Stresses
with different Foundation Extent in any Rigidity of Foundation ( Ton/wm?*)

Vertical

) . Horizontal
ij‘:‘ gpgp| Foundation Extent Heel Toe " Heel Toe
U/S | DIS | Bottom | Case-A | Case-B | Case-A | Case-B | Case-A| Case-£2| Case-A| Case-2
1 0.2 10H | 1.0H "1.0H 37.93 35.25| -48.79| -51.82 68.19 67.85| -72.05| -7262
1.0H 1.0H 2.0H" 28.19 25.42) -43.31] -47.10 55.71 5539} -67.07} -67.66
1.0H 1.0H 3.0H 21.68 19.68} -37.13} -41.20 48.30 48.121 -62.30F -62.78
1.5H 1.5H 1.0H 34.07 33.11 -46.43| -47.60 63.39 6331} -67.70 -67.387
1.5H { L.SH 2.0 26.53 24.49| -43.48] -45.68| 53.36(. 53.13( -64.85{ -65.22
1.5H 1.5H 3.0H 20.59 1892 -3839| -40.62 46.88 46.721 -61.11] -61.41
1 20H | 2.0H 1.0H 31.42 31.067 -44.251 -44.70 59.78 59.75‘ -64.231 -64.28
20H | 2.0H 2.0H 25.13 2381 -42.72| -44.16 51.44 5132 -62.69 -6292
20H [ 2.0H 3.0H '19.76 1837| -3847| -40.04]  45.74 45.61| -59.77| -60.01
2 03 .] 10H | 1L.OH ; 1.0H 37.48) 34.75) -46.55| -49.60 74.54] 74.06] -64.86] -65.47
: 1.0H 1.0H 2.0H 27.69 2489{ -4127| -45.01 61.05 60.56 —6_1.23 ) -61.86"
1.0H 1.0H 3.0H 21.29 19.26( -35.24( .-39.21 52.86 52.54¢ -57.311- -57.83
1.5H 1.5H 1.0H 33.54] 32.57{ -4435] -45.52 69.27| 69.14] -61.02| -61.21
1.5H 1.5H 2.0H 26.02 24.01| -4137| -43.52 © 58.45 58.13| -59.22| -59.61
1.5H 1.5H 3.0H 20.23 18.60| -36.35| -38.51 51.30 51.08] -56.221 -56.54
20H | 2.0H 1.0H 30.87 30.50| -4226| -42.71 65.33 65.28| -57.95{ -58.02
2.0H | 2.0H 2.0H 24.63 23.33] -40.60] -41.98] .56.34 56.15] -57.27| -57.51
2.0H | 2.0H 3.0H 19.43 18.09] -36.36| -37.85 50.08 49.891 -55.00} -55.24|
3 0.4 1.0H LOH | I1.0H 37.23 34.5:l -44.67{ -47.67 78.49 77.947 -59.96{ -60.59
1.0H 1.0H 2.0H 27.48 2473 -39.59} -43.22] 64.35 63.79| -57.25| -57.90
1.0H | 1.0H 3.0H 21.18 19.19| -33.74] -37.56 55.64 55.26] -53.94{ -54.45
1.5H 1.5H 1.0H 33.28 32.3 1| -42.591 -43.75 72.92 72.77| -56.50| -56.70
1.5H 1.5H 2.0H 25.82 23.87 -39.64| -41.72( '61.60 61.25] -55.41| -55.80
1.5H 1.5H 3.0H 20.15 18.57 -3‘_1.72 -36.80 54,00 53.75| -52.911 -53.23
2.0H 2.011 1.0H 30.58 30.21} -40.58] -41.02 68.71 68.65}. -53.72] -53.78
20H | 2.0H" 2.0H 24.43 23.17}  -3885f -40.18 59.33 59.12} -53.59] -53.83
2.0H { 2.0H 3.0H 19.36 18.08} -34.67| -36.09 52.67 52.46] -51.75] -51.99
4 0.5 1.OH 1.0H 1.0H 37.11 34.42| -43.10] -46.03 81.19 80.59| -56.39| -57.01
) 1.0H 1.0H 2.0H 27.40 24711 -38.191 -41.72{. 66.58 66.00] -5434f -54.97
1.0H 1.0H 3.0H 2117 19.24] -32.52| -36.20 57.50 57.09( -51.47| -51.97
1.5H 1.5H 1.0H 33.12 32.17] -41.10) -42.23 75.36 75.18| -53.20f -53.39
1.5H L5H { 20H 2575 23.85| -3820] -40.21 63.71 63.34] -52.60{ -52.99
1.5H 1.5H 3.0H 20.17 18.65) -33.41] -3541 55.80 55.53] -50.48] -50.79
2.0 | 2.0H 1.0H . 3041 30.05( -39.15] -39.58{ 70.94 70.88] -50.63{ -50.70
"2.0H | 2.0H 2.0H 24.36 23.14{ -37.40| -38.69 61.32 61.10f -50.90%f -51.14
2.0H | 2.0H 3.0H 1939} 18.15| -33.32] -34.68 54.40 54.17| -49.371 -49.59
5 0.6 1.0H 1.0H 1.0H 37.02 3438 -41.75| -44.62 83.09 82.49| -53.63| -54.23
1.0H 1.0H 2.0H 27.36 24.74] -37.02] -40.44 68.15 67.56] -52.08f -52.69
1.0H 1.0H 3.0H 21.20 19.32]. -31.52} -35.07 58.80 58.40F -49.56| -50.04
1.5H 1.5H 1.0H 33.02 32.09] -39.821 -40.92 77.06 76.88] -50.65| -50.84
1.5H 1.5H |- 2.0H 25.73 23.88] -36.99 -38.93 65.20 64.82] -50.44] -50.80
1.5H 1.5H 3.0H 20.22 18.74| -32.33] -34.25 57.06 56.79] -48.61| -48.89
2.0H | 2.0H 1.0H 30.30 29.95F -37.93| -3835 72.50 72431 -48.26| -48.32
20H | 2.0H 2.0H 24.34 23.15| -36.20{ -37.44 62.72 6249 -48.82| -49.04
2.0H | 20H 3.0H 19.44 18.25( -32.207 -33.52 55.60 55.38| -47.54| -47.75
6 0.8 1.0H 1.0H 1.0H 3691 3437 -39.58) -42.32 85.58 84.991 -49.62| -50.18
1.0H 1.0H 2.0H 27.38 2487 -3518] -38.41f 7026 69.67| -48.81| -4937
1.0H 1.011 3.0H 21.29 19.52( -2997{ -33.32( 60.53 60.14] -46.79| -47.22
1.5H 1.5H 1.0H 329 32.01 -37.751 -38.81 79.28 79.09f -46.95| -47.13
1.5H 1.5H 2.0H 25.78 24.00} -3434| -36.93 67.83 66.79| -46.09 -47.62
- 1.5H 1L5H 3.0H 20.35 18.95{ -30.67| -32.48] 58.73 58.46| -45.88| -46.14
2.0H 2.0H 1.0H 30.17 29.83 -35.95} -36.36 74.48 74.42| -44.81| -44.87
.2.0H | 2.0H 2.0H 24.37 23.24] -34.30] -35.47 64.54 6431 -45.79{ -45.99
2.0H 2.0H 3.0H 19.58 18.45] -30.51] -31.73 57.19 56.98 " 44.87] -45.06
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Table

318 Shear and Principal Stresses at Heel and Toe with diffcr_ent Rigidity of

Foundation in any Foundation Extent of Part -1A Study ( Tow/m?)
Foundation Shear Major PS Minor PS
Case Nq. -Extent EF/ED Heel Toe Heel Toe. Heel ' Toe

1 Uss 1H 0.2 EXY] -40.45 8193 -104.28 2420] " -16.56
Dis 1H 03 3.69 37.73 8753} 9553 24.49 -15.88

Bottom IH 0.4 4.06 -35.68 91.34 -89.50 24.38 -15.13

‘ 0.5 432 -34.07 94,01 -85.04 24.28 -14.45

06 4.55 -32.76 9591 -81.52 24.20 :13.86

- 038 4,90 -30.74 98.40 -76.31 24.09 -12.89

) us . IH 0.2 3.72 -39.96 67.45 -98.33| - 1645  -12.06
D/S 1H 0.3 398] - -37.17 7251 90.50 16.23|. -12.00

Bottom. - 2H 04 4177  35.16 75.79. -85.17 16.04 -11.67

0.5 431 -33.63 78.03|  -81.24 15.95 “11.30

0.6 444] 3241 79.62 -78.16 15.90 -10.93

0.8 4.63 -30.58 81.74 7368] . 15.89 -1031

3 uss 1H 02 . " 436 -38.73 .58.44 91.58] . 11.55 -7.85
DS 1H 03 4.57 35.84 62.94 -84.36| 11.20 -8.20

Bottom 3H 0.4 472 -33.83 65.76 -79.51 11.07 -8.18

- 05 4.86 -32.32 67.64 -75.95 11.03 -8.04

06 498 3114 68.97] . -73.20 11.03 -7.88

o 08 . 517 -29.40 70.74 -69.21 11.08 -7.56
4 uis 1.5H 0.2 5.11 -39.21 74.29 99.01 23.16 -15.13
D/S 1.SH 03 5.70|  -36.56 " 79.69 5086  23.12 -14.50

Bottom 1H- 04 6.09 -34.56{ 83.26 -85.27 2294 -1382

‘ 0.5 6.39 -32.99 85.67 -81.08 22.81 1321

06 - 6.63 -31.70 ‘87.36]  -77.79 22.73 -12.68

0.8 - 7.02 -29.72 89.55 -12.90 22.64 -11.81

5 ws . 15N 0.2 5.35 -390 63.36 9597 16.53 -12.36
RS 1.5H1 03 5.60 -36.40 “68.22]-  -88.38 16.25 -12.21

Bottom 2H 04 587 42 71.34 8321 16.09] - -11.83

0.5 6.04]  -32.89 73.44 -79.38 16.02 1143
0.6 6.18 31.68 74.92 -76.39 16.00 -11.05).

0.8 6.49 29.15 " 77.54 -70.30 16.07 -10.12

'6 Us L.5H 0.2 5.75 38.19 55.91 -90.62 11.56 -8.89
D/S 1.5H 03 5.98 -3531 60.26 -83.46 11.28 9.11

Bottom 3H 0.4 6.15 23329 62.96 -78.63 11.20 9.00

0.5 6.29 -31.78 64.76 -75.08 11.20 -8.81

0.6 . 6.41 -30.59 66.04 ~72.33 11.24 -8.60

, 0.8 -6.61 -28.84 67.72 68331 1135 8.22

.7 uss 2H 0.2 5.93]. -3845 68.94| .  -94.94 2227 -13.53
D/S 2H 0.3 . 6.53 -35.79 74.21 -87.21 21.98 -13.00

Bottom = 1H 0.4 6.94 -33.80 71.55 -81.89( 2174 -12.41

’ 0.5 725 -32.23 "79.76, -77.91 21.59 -11.87

0.6 7.51 -30.95 81.29 7477 21.50 -11.41

0.8 791 -29.00 83.23 -10.11 21.42 -10.65

8 /s 211 02 6.15 -38.62] 6021 -93.59 16.37 -11.82
: DS . 21 0.3 6.49 -35.86 64.94 -86.22 16.03 -11.65
Bottom 21 0.4 6.72 -33.87 67.90 81.17 15.87 -11.27

0.5 6.90 -32.35 69.87)  -77.43} 1581 1 -10.88

0.6 7,05 31.13 7125 74,51 15.81 -10.51

0.8 7.29 29.31 73.04 -70.21 15.87 1-9.89

9 uss 2H. 0.2 6.49 37.77 53.92 -89.25 11.58 9.00
e D/S 2H 0.3 673  -34.89 58.18  -82.20 1133 9.16
Bottom 3H 0.4 6.92 32.86| 60.76 -77.40 11.27 9.02

0.5 7070 -31.34 6248 -73.88 11.30 -8.81

0.6 721 30.14 63.69 S7LIS[ 1136 -8.59

0.8 C 742 28.39 65.27 -67.18 11.49 -8.19

r
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Table 3.19 Shear and Pi'incipal Stresses at Heel and Toe with different Foundation

Ektent_ in any Rigidity of Foundation of Part -1A Study (. Ton /w*)

|Case No.| EF/ED — "Foundation Extent __Shear Major PS Minor PS
: U/S D/S Bottom | Hecl Toe Heel Toc Heel Toc
1 02 1.0H 1.0H 1.0H 3.17] :-40.45 81.93( -10428|  2420| -16.56
1.0H - 1.0H 2.0H 372 -39.96 6745 -98.33 16.45] -12.06
1.0OH 1.0H 3.0H 4.36 -38.73 58.44| -91.58 11.55 -7.85
1.5H I.5H 1.0H 5.11 -39.21 74291 -99.01 23.16] -15.13
1.5H 1.5H 2.0H 535 -39.16 63.36] -95.97 16.53] -12.36
1.5H 1.5H 30H 5.75 -38.19 55.91 -90.62 11.56 -8.89
. 20H 2.0H 1.0H 593] -3845 68.94] 9494 2227} -13.53
2.0H 2.0H 2.0H 6.15} -38.62 60.21] -93.59 16.37} -11.82
2.0H 2.0H 3.0H 649 -31.77 53.92] -89.25|  11.58 -9.00
2 0.3 1.0H 1.0H 1.0H 3.69 -37.73 87.53] -95.53 24.49| -15.88
1.0H 1.0H 2.0H 398 -37.17 72.51] -90.50 16.23| -12.00
1.0H 1.0H 3.0H 4.57|- -35.84 6294 -84.36 11.20 -8.20
1.5H 1.5H 1.0H 5.70] -36.56 79.69{ -90.86 23.12] -14.50
1.5H 1.5H 2.0H 5.66 -36.40 68.22| -88.38 _16.25 -12.21
15H |} 1.5H 3.0 598 -35.31 60.26f -83.46 11.28 -9.11
2.0H 2.0H 1.0H 6.53] -35.79 74211 -87.21 21.98) -13.00
2.0H 2.0H 2.0H 6.49| -35.86 64.94| -86.22| © 16.03| -11.65
: 2.0H 2.0H 3.0H “6.73] -34.89 58.18| .-82.20 11.33 9.16
3 . 04 1.0H 1.01 1.0H 4.06]. -35.68 91.34] -89.50 24381 -15.13
’ 1.0H 1.0H 2.0H 4.171 -35.16 75.791 -85.17 16.04| -11.67
1.0H 1.0H 3.0H 4.72) -33.83 65.76} -79.51 11.07 -8.18
1.5H 1.5H 1.0H 6.09] -34.56 83.26] -85.27 2294 -13.82
1.5H 1.5H 2.0H 587\ -34.42] " 71.34] -83.21 16.09| -11.83]
{5H | 15H 3.0H 6.15{ -33.29 62.96| -78.63 11.20]  -9.00f
2.0H 2.0H 1.0H 6947 -33.80 71.55| -81.89 2174 -i241
2.0H 2.0H 2.0H 6.721 -33.87 6790 -81.17 1587 -11.27
2.0H 2.0H 3.0H 692 -32.86 60.76] -77.40 11.27 9.02
4 0.5 1.0H 1.0H 1.0H 432) -34.07 9401} -85.04 24281 -1445)
1.0H 1.0H 2.0H 431 -33.63 78.03} -81.24 15.95 -11.30
1.0H 1.0H 3.0H 4.86] -32.32 67.64| -75.95 '11.03 -8.04
" 1.5H I5H | 10H 639 -3299 85.67| -81.08 22.81| -1321
1.5H 1.5H 2.0H 6.04[ -32.89 73441 -79.38 16.02] -11.43
1.5H 1.5H 3.0H 6.291 -31.78 64.76] -75.08 11.20 -8.81
2.0H 2.0H 1.0H 725 3223 79.76] -77.91 2159 -11.87
2.0H 20H 20H - 690 -32.35 69.87] -77.43 1581 -10.88
. 2.0H 2.0H .3.0H 7.07 -31.34 ‘062.48 -73.88 11.30 -8.81
5 0.6 1.0H 1.0H 1.0H 4,55 -32.76 9591 -81.52 24201 -13.86}-
1.0H 1.0H 2.QH 444 -3241 79.62| -78.16 1590f -10.93
1.0H 1.0H 3.0H 498( - -31.14 68.97| -73.20 11.03 -7.88
1.5 L.SH 1.0H 6.63] -31.70 87.36| -71.79 2273 -12.68
1.5H 1.5H 2.0H 6.18) -31.68 74.92| - -76.39 16.00] -11.05
1.5H 1.5H 3.0H 641 -30.59 66.04] -72.33 11.24 -8.60
2.0H 20H 1.0H 7.51 -30.95 81.29¢{ -74.77 21.50f -11.41
2.0H 2.0H 2.0H 7.05] -31.13 71.25] -74.51 15.81f -10.51
2.0H 2.0H 3.0H 7.21 -30.14 63.69] -71.15 11.36 -8.59
6 - 0.8 1.0H | -1.0H 1.0H 490 -30.74 98.40{ -76.31 24.09f -12.89
: 1.0H 1.0H 2.0H 4.63] -30.58 81.74 -73.68 15.89f -10.31
1.0H 1.0H 3.0H 517 -29.40 7074 -69.21 11.08 -1.56
1.5H 1.5H 1.0H 7.02] -29.72 89.55| -72.90]  22.64| -11.81
1.5H 1.5H 2.0H ‘6491 -29.15 77.54] -7030f  16.07| -10.12
1.5H 1.5H 3.0H 6.61 -28.84 67.72| -68.33 11.35 -8.22
2.0H 2.0H 1.0H 791 -29.00 83.231 -70.11 21421 -10.65
2.0H 2.0H 2.0H 7.29]. -29.31 73.04] -70.21 15.87 -9.89
2.0H 2.0H 3.0H 742 -28.39 6527 -67.18 11.49 -8.19
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Table 320 Shear and Principal Stresses at Heel and Toe with different Rigidity of
Foundation in any Foundation Extent of Part -1B Study (Ton [w™)

: S , Shear Major PS Minor PS
Case No.|{Foundation Extent| EF/ED Heel Toe Heel Toe Teel Toe

1 u's 1H 0.2 '4.08 41.33] ~ 8127} -106.58 21.83 -17.86
D/S 1H 0.3 4.56 238.57 86.81 97.92 22.00 -17.15

Bottom 1H 0.4 4.87 -36.47 90.54 91.90 2192 -1637

’ 05. 5.08 -34.81 93.14 -87.38 2187 -15.66

0.6 5.25 -33.45 95.02 -83.82 21.84 -15.03

. 0.8 551 -31.35 97.51 -78.49 21.85 -14.01

2 u/s 1H 02 4.70 -400.86 66.94| -10092 13.87 -13.85
D/S 1H 03 492 -38.03 71.81 -93.14 13.63 -13.73

Bottom 2H 0.4 5.05 -35.98 75.00 -87.78] . 13.52 -13.34

0.5 5.13 -34.391 - 7719 -83.79 13.51 -12.91

0.6 5.20 33.12 78.75 -80.64 13.54 -12.49

_ 0.8 531 31.21 80.87] -76.00 13.67 -11.78

3 uss 1H 0.2 525 -39.42 58.18] -93.97 962 -10.01
DS 1H 0.3 542 -36.50 62.51 -86.75 929{ -10.29)

Bottom 3H 0.4 5.53 -34.43 65.23 -81.83 922 -10.18

0.5 5.62 -32.87 67.08 -78.19 9:25 9.98

0.6 _ 5.70 31.65 68.40 -15.36 933 975

: 08 5.82 2982 70.17 7121 9.49 933

4 uss 1.511 0.2 5.44 -39.53 74.14] -99.84 2228 -15.63
D/S 1.5H 03 6.01 36.85 79.50 9174 . 2221 -14.99

Bottom 1H 04 6.38 -34.84 83.03] -86.15 2205 -14.30

0.5 6.66 -33.24 85.41 -81.95 2194] -13.68

0.6 6.89 -31.94 87.09 -78.63 21.87 -13.13

08 7.24 29.93 8928 7370 21.83] -12.24

S - s st 02 | 5.98 -39.73 63.01 97.55 14.61] = -13.35
DS 1.5 0.3 6.25 -36.94 6177 8997 1437} -13.16

Bottonr 2H 04 642 -34.92 70.83 -84.77 14291 -12.74

0.5 6.54 -33.37 72.90 -80.90 1429} -12.30

0.6 6.64 23212 7436 -77.85] 14.33 -11.89

08 6.80 -30.24 76.31 -73.35 14.47 -11.19

6 uis 1.5H 02 6.32 -38.65 55.68 92.04 9.96 999
: DiS 1.5H 03 6.51 3576 59.94 -84.89 975 -10.17
Bottom 3H 04 6.64 -33.71 62.58; -80.02 9.74 -10.01

05 | 6.75 -32.16 64.36 J642) . 981 9.78

0.6 6.84 30.95 65.62 -73.61 9.90 9.54

08 6.99 2915 | 6731 69.52 - 1011 9.10

7 uis 2H" 02 6.06 -38.57 68.89 9526 2192} -13.73
/S 2H 03 6.65 3590 74.15| -~ -87.55 2163}  -13.18

‘Bottom 1H 04 7.06 -33.90 7747 -82.22 2139 -12.59

0.5 7.36 -32.33 79.67 -78.23 21.25 -12.05

0.6 761] * -31.05 8120 -75.10 21.18]  -11.58

0.8 " 8.00 -29.08 83.14 -70.42 21.11 -10.82

8 uss 2H 0.2 6.55 -38.98 60.02 94 .61 15.10 -12.46
DS 2H 03 6.86 -36.19 64.67 -87.23 14.81 -12.26

Bottom 2H 04 7.06 -34.18 67.59 -82.16 1470  -11.85

0.5 7.21 -32.64 69.55 -78.39 14.69|  -11.44

0.6 7.34 -31.40 70.92 -7543 14.73 -11.05

0.8 7.54 2954 72,70 -71.06 14.85 -10.40

9 u/s 2H 0.2 691 -38.13 53.73 -90.31 10.25 -9.74
DIS 2H 03 7.12 -35.23 57.91 -83.24 10.07 -9.86
Bottom 3H - 04 7.28 -33.17 60.46 -78.40 10.08 -9.68] -

0.5 7.40 -31.63 62.15) --74.83 10.16 -9.44

0.6 7.51 -30.42 63.36 12070 1027 920

0.8 . 7.68 -28.62 64.95 -68.03 10.48 -8.76
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3.21 Shear and Principal Stresses (-Ton/m2) at Heel and Toe with different

Table
Foundation Extent in any Rigidity of Foundation of Part -1B Study
éasc No. | EF/ED Foundation Extent Shcar Major PS Minor PS
. U/S D/S Bottom Heel Toe Heel Toe Heel Toe
I 0.2 10H .| 1.0H 1.0H 4.08]. -4133(  81.27[ -106.58] 2183 ~-17.86
ron | ron 2.0H 470 4086  66.94] -10092 = 13.87] -13.85
1.0OH | 1.OH 3.0H 525 -39.42|  58.18 -93.97 9.62 -10.01}
1.5H 1.5H 1.0H 544 -39.53 74.14] 9984 - 2228 -15.63
15H | L5H 2.0H 598 -39.73] 63.01f 9755 14.61] -1335
15H | L5H 3.0H 6.32] -38.65| 5568 -92.04 9.96 9.9
20H | 2.0H 1.0H 6.06] -38.57) 68.89] 9526} 2192 -13.73
2.0H 2.0H 2.0H 6.55 -38.98 60.02 94.61 15.10 -12.46
2.0H 2.0H 3.0H 691 -38.13| 5373 9031 1025 -9.74
2 03 1.0H 1.0H 1.0H 456 -38.57 86.81 -97.92 22.00| -17.15
: 1.0H 1.0H 2.0H 1 4.92 -38.03 71.81 -93.14 13.63 -13.73
10H | 1.0H 3.0H 542 -36.50 62.51 -86.75 9291 '-10.29
1.5H 1.5H 1.0H 6.01 -36.85 79.50 91.74 2221 -14.99
1.5H 1.5H 2.0H 6.25 -36.94 67.77 -89.97 14.37 -13.16
I5H | 1.SH 3.0H 651 -3576] 59.94] -84.89 9.75(  -10.17
20H .1 20H 1.0H 6.65 -35.90 "74.15 -87.55 21.63 -13.18
2.0H 2.0H 2.0H 6.86 -36.19 64.67 -87.23 14.81 -12.26
20H | 20H 3.0H 7.2{ 3523 5791 -8324] 10.07 9.86
3 04 1.0H 1.0H 1.0H 4387} -3647 90.54 -91.90| . 21.92 -16.37
1.0H 1.0H 2.0H 5.05 -35.98 75.00 -87.78]  13.52 -1334)
1.0H 1.0H 3.0H . 5.53 -34.43 65.23 -81.83 9.22 -10.18
1.5H 1.5H 1.0H 6.38 -34.84 83.03 -86.15 22.05 -14.30)
1.5H 1.5H 2.0H 642 34921 - 7083 -84.77 14.29 -12.74
1.5H 1.5H 3.0H 6.64 -33.71 62.58 -80.02 9.74 -10.01
20H 20H 1.0H 7.06 -33.90 7747 -82.22 21.39 -12.59
20H | 20H 20H 706 -34.18] 67.59| -82.16 14.70[  -11.85
2.0H 2.0H 3.0H 7.28) -33.171 6046 -78.40 10.08 -9.68
4 0.5 1.0H 1.0H 1.0H 5.08 -34.81 .93.14 -87.38 21.87; . -15.66
1.0H | i.0H 2.0H 513 -3a39]  '77.19)  -83.79 1351 . -12.91
1.0H | 10H 3.0H 562] © -3287] 6708 -78.19 9.25 9.98
L5H | 1.5H 1.OH 6.66] -3324] 8541 -8L.95[ = 21.94] -13.68
1.5H 1.5H 2.0H 6.54| 3337 72.90 -80.90 14.29 -12.30
1.5H 1.5H 3.0H 6.75 -32.16 6436 -76.42 9.81 -9.78
20H { 2.0H 1.0H 736] -32.33| 7967 7823|2125 -12.05
20H | 2.0H 2.0H 721  -32.64] 6955 -78.39 14691 -11.44
20H | 2.0H 3.0H 740 . -31.63|  62.15| -74.83 10.16 9.44
5 0.6 1.0H | 1.0H 1.0H - 5.251 -3345 95.02 -83.82 21.84 -15.03
1.0H 1.0H 2.0H 5.20 -33.12 78.75 -80.641. - 13.54 -12.49
1.0H 1.0H 3.0H - 5.70 -31.65 '68.40 -75.36 933 9.75
1.511 1.511 1.0H 6.89 -31.94 87.09 -78.63 2187 - -13.13
1.5H | 1.5H 2.0H 6.64 -32.121 C 7436 -77.85 14.33 -11.89
1.5H 1.5H 3.0H 6.84 -30.95 65.62| -73.61 990 -9.54,
2.0H 2.0H 1.0H 7.61 -31.05 81.20 -75.10 2118  -11.58
2.0H 2.0H 2.0H 7.34 -31.40 70.92 -75.43 14.73 -11.05
2.0H 2.0H 3.0H 7.51 -3042 63.36 -72.07 10.27 -9.20
6 0.8 [.OH {.OH 1.0H 551 -3t35 97.51 -72.4'9 21.85 -14.01
Lo [ Lo 2.0H 5.31 -31.21 80.87 -76.00 13.67 -11.78
1.0H 1.0H 3.0H 582 -29.82 70.17{ -70.21[. " 9.49 -9.33
1L5H. | L5SH | 1.0H 7.24f  -29931  89.28] -73.70|  21.83] -12.24
15H | 1.5H 2.0H 6.80] 3024} 7631] 7335 1447]  -11.19
15H | "1.5H 3.0H 6.99| -29.15] 6731 -69.52) - 10.11 9.10
2.0H 2.0H 1.0H 8.00 -29.08 83.14 7042 2111 -10.82
2.0H 2.0H 2.0H 7.54 -29.54 72.70 -71.06 14.85 -10.40
2.0H 3.0H 7.68 -28.62 64.95 -68.03] 1048 -8.76

2.0H
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Table 3.22 Comparison between Part -1A and Part -1B Study of Shear
Stresses (Ton/m2) with different Rigidity of Foundation in
any Foundation Extent

Case Foundation - Shcm_'
No. Extent EF/ED Heel Toe
Case-A Case-B Case-A Case-B

1 u/s 1H 0.2 3.17 4.08 -40.45 -41.33
D/S 1H 0.3 3.69 4.56 -37.73 -38.57

Bottom 1H 0.4 4.06 . 4.87 -35.68 -36.47

. 0.5 432 5.08 -34.07 34.81

0.6 4.55 5.25 . =32.76 -33.45

0.8 4.90 5.51 -30.74 -31.35

2 uis 1H 0.2 372 4,70 -39.96 . -40.86
D/s tH 0.3 398 492 -37.17 -38.03

Bottom 2H 0.4 a7 sos| asa6 3598

0.5 4.31 5.13 -33.63 -34.39

0.6 4.44 5.20 -32.41 -33.12

0.8 4.63 531 -30.58] - -31.21

3 U/S 1H 0.2 436 5.25 -38.73 -39.42
D/S 1H 0.3 4.57 542 -35.84 -36.50

Bottom 3H 04 472 5.53 -33.831 -34.43

0.5 4.86 5.62 -32.32 -32.87

0.6 498 5.70 -31.14 -31.65

0.8 517 5.2 -29.40 -29.82

4 JIS . 1.5SH 0.2 5.11 - 5.44 -39.21 -39.53
DiS 1.5H 0.3 5.70 6.01 -36.56 -36.85

Bottom 1H 04 6.09 6.38 -34.56 -34.84

0.5 6.39 6.66 -32.99 -33.24

0.6 6.63 6.89 -31.70 3194

0.8 7.02] 7.24 -2ﬂ9.72 -29.93

5 Uuis 1:5H 0.2 5351 ° 5.98 -39.16 -39.73
D/S 1.5H 0.3 5.66 6.25 -36.40 -36.94

Bottom 2H 04 5.87 6.42 -34.42 -34.92

0.5 6.04 6.54 -32.89 -33.37

0.6 6.18 664  -31.68 -32.1‘2

0.8 6.49 6.80 . -29.15 -30.24

6 Uss 1.5H 0.2 575 6.32 "38.19 -38.65
DiS 1.5H 0.3 5.98 6.51 -35.31 -35.76

Bottom 3H 04 6.15 6.64 -33.29 3371

05 6.29 6.75 31.78 32.16

0.6 6.41 6.84 -30.59 -30.95

0.8 6.61 6.99 ©.28.84 -29.15

7 /s 2H 0.2 593 6.06 -38.45 -318.57
D/S 2H 03 6.53 6.65 -35.79 -35.90

Boltom 1H 0.4 6.94 7.06 33.80 -33.90

0.5 7.25 7.61 -32.23 -31.05

0.6 7.51 761 -30.95 -31.05

0.8 7.91 8.00 -29.00 -29.08

8 u’/S 2H 0.2 6.15 6.55 38.62 -38.98
D/S 2H 03 6.49 - 6.86 -35.86 -36.19

Bottom 2H 04 6.72 7.06 -33.87 -34.18

0.5 6.90 7.21 -32.35 -32.64

0.6 7.05 7.34]. -31.13 -31.40

08 1.29 " 17.54 -29.31 -29.54

9 u/s 2H 02 6.49 6.91 -37.77 -38.13
D/S 2H 0.3 6.73 712 - -34.89 --35.23

Bottom 3H 0.4 6.92 7.28 -32.86] - -33.17

0.5 7.07 7.40 -31.34 -31.63
.06 7.21 7.51 -30.14 _=30.42}
0.8 7.42 7.68 -28.39 -28.62}
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Table 3.23 Comparison between Part -1A and Part -1B Study of Shear Stresses
(Tor/m2) with different Foundation Extent in any Rigidity of

Foundation
. . Shear
Case No.| EF/ED Foundation Extent Heel Toe

) u/s D/S Bottom Case-A Case-B Case-A Case-A .

1 0.2 1.0H 1L.OH 1.0H 3.17 4.08 -40.45 -41.33
1.0H 1.0H 2.0H 3m 470 -39.96 -40.86

1.0H 1.0H. 3.0H 436 5.25 3873 39.42

1.5H 1.5H 1.0H 5.11 5.44 3921 -39.53

1.5H 1.5H 2.0H 535 5.98 39.16 39.73

1.5H 1.5H 3.0H 575 6.32 -38.19 -38.65

2.0H 2.0H 1.0H 5.93 6.06 -38.45 -38.57

2.0 2.0H 2.0H 6.15 6.55 -38.62 -38.98

2.0H 2.0H 3.0H 6.49 6.91 3777 -38.13

2 03 1.0H 1.0H 1.0H 3.69 4.56 A7173 38.57
1.0H 1.0H 2.0 398 492 37.17 3803

1.0H LOH 3.0H 45711 . 542 -35.84 -36.50

1.5H 1.5H 1.0H 5.70 6.01 -36.56 -36.85

1.5H 1.5H 2.0H 5.66 625 36.40) - <3694

1.5H 1.5H 3.0H 598 6.51 3531 -35.76

20H | . 20H 1.0H 6.53 6.65 -35.79 -35.90

2.0H 2.0H 2.0H 6.49 6.86 -35.86 -36.19

2.0H 2.0H 3.0H 6.73 712 34.89 3523

3. 0.4 1.0H 1.0H L.OH 4.06 487 -35.68 -36.47
1.0H 1.O0H 2.0H 417| 5,05 35.16 35.98

108 | 1LOH 3.0H 4mn 5.53 3383 -34.43

1.5H 1.5H LOH 6.09 638 3456 -34.34

1.5H 1.5H 2.0H 5.87 © 6.42 34.42 3492

1.SH 1.5 - | 3.0l 6.15 6.64 -33.29 337

2.0H 2.0H 1.0H 6.94 7.06 33.80 33.90

2.0H 2.0H 2.0H 672 7.06 33.87 -34.18

20 | 20H 3.0H 692 728 -32.86 33.17

4 0.5 1.0H 1.0H 1.0H 432 5.08 34,07 -34.81
1.0H 1.0H 2.0H 431 5.13 3363 3439

1.0H 1.0H 3.0H 4.86 5.62 3232 -32.87

1.5H 1.5H 1.0H 639} 6.66 -32.99 3324

1.5H 1.5H 2.0H 6.04 6.54 32.89 3337

1.5H 1.5H 3.0H 629 675 3178} -32.16

2.0H 2.0H 1.0OH 725 . 76l -32.23 3105

2.0 2.0H 2.0H 6.90 721 3235 32.64

2.0H 2.0H 30H |- 7.07 7.40 3134 3163

5 | 06 1L.OH 1LoH 1.0H 4.55 5.25 -32.76 .33.45
1.0H 1.0H 2.0H 4.44 5.20 32.41 33.12

1.0 1.0H 3.0H 4.98 570 31.14 3165

1.5H 1.5H 101 T 6.63 6.89 3u70) 3194

1.5H 1.5H 2.0H .18 6.64 3168 32,12

1.5H 1.5H 3.0H 6.41 6.84| . -30.59 ~30.95

2.0H 2.0H 1.0H 1.51 7.61 -30.95 31.05

2.0 2.0H 20H 705 734 3113 31.40

2.0H 2.0H 3.0H 7.21 7.51 -30.14 -30.42

6 0.8 1.0H 1.0H | 10H 4.90 551 3074 3135
1.0H 1.0H 2.0H 463 531 -30.58 3121

1.0H 1.0H 3.0H 5.17 5.82 229.40 29.82

1.5H 1.54 1.0H 7.02 724 2972 29.93

1.5H 1.5H 2.0 6.49 6.80 29.15 30.24

1.5H 1.5H 3.0 661 = 6.99 2884 29.15

2.0H 2.0H 1.0H 791 8.00 29.00 -29.08

2.0H 2.0H 2.0H 729 7.54 2931 29.54

2.0H 2.0 3.0H 742 7.68 .28.39 28.62
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" Table 3.24 Comparison between Part -1A and Part -1B Study of Principal Stresscs
(Ton/m2) with different Rigidity of Foundation in any Foundation Extent

Major Principal Minor Principal
EF/ED Heel ) Toe . Heel Toe
Case-A | Case-B | Case-A | Case-B | Case-A |. Case-B | Case-A | Case-B

1 u/s 1H 0.2 81.93 81.27| -104.28| -106.58 24.20 21.83] -16.56| -17.86

D/S 1H 03 87.53 86.81| -95.53] -97.92 24.49 22.00( -15.88] -17.15
Bottom 1H 0.4 91.34] 90.54] -89.50 -91.90 24.38 2192 -15.13| -16.37
0.5 94.01 93.14| -85.04] -87.38 24.28 21.87] -14.45 -15.66
0.6 9591 95.02] -81.52] -83.82 24.20 21.84| -13.86] -15.03
0.8 98.40 97.51] -7631| -78.49 24.09 21.85| -12.89| -14.01]°

2 uss 1H 0.2 67.45 66.94) -98.33] -100.92 16.45 13.87 -12.06] -13.35

D/S 1H 03 72.51 71.81] -90.50} -93.14 16.23 13.63| -12.00{ -13.73
Bottom  2H 0.4 75.79| 75.00] -85.17| -87.78 16.04 13.52| -11.67{ -13.34
0.5 78.03 7119] -81.24| -83.79 15.95 13.51| -11.30( -12.91
0.6 79.62] 78.75| -78.16| -80.64 15.90 13.54| -10.93] -12.49
0.8 81.74| 80.87( -73.68{ -76.00 15.89 13.67( -1031 -11.78

Case| Foundation
No. Extent

3 u5s 111 0.2 58.44 58.18] -91.58 -93.97 11.55 9.62 “7.85| -10.01

D/s 1H 03 62.94 62.51] -84.36] -86.75 11.20 929! . -820| -10.29
Bottom  3H 04 65.76 6523} -79.51| -81.83 11.07 9.22 -8.18] -10.18
0.5 67.64 67.08] -75.95{ -78.19 11.03 9.25 -8.04 -9.98
0.6 6897\ 6840 -73.20]1 -75.36 11.03 9.33 -7.88 9.75
0.8 70.74 7017} -69.21] -71.21( 1108 9.49 -7.56 933

4 u/is 1.5SH 0.2 74.29 74.14] -99.01] -99.84 23.16 22.28{ -15.13] -15.63

D/s 1.5H 03 79.69 79.50) -90.86| -91.74 23.12 2221| -1450[ -14.99
Bottom  1H 04 83.26 83.03] -85.27| -86.15 2294 22.05( -13.82] -14.30
0.5 85.67 85.41] -81.08( -81.95 22.81 21.94| -~1321| -13.68
0.6 87.36 87.09 -77.79f -78.63 22.73 21.87f -12.68 -13.13
0.8 89.55 89.28{ -72.90| -73.70 22.64 21.83| -11.81} -1224

5 uss 1.SH 0.2 63.36 63.01] 9597 -97.55 16.53 1461 -12.36{ -13.35

D/S 1.5H 03 68.22| . 6777 -88.38| -89.97 16.25 1437} -1221] -13.16
Bottom  2H 04 .T1.34 7083 -83.21) -84.77 16.09 1429 -11.83| -12.74
0.5 73.44 72.90f -79.38] -80.90 16.02 1429} -1143] -1230
0.6 74.92 74.36| -7639| -77.85 16.00 1433] -11.05| -11.8%
0.8 71.54 7631| -7030{ -73.35 16.07 1447\ -1012| -1L.19

6 uss 1.5H 02 5591 55.68] -90.62] -92.04 11.56 9.96 -8.89 -9.99

DiS 1.5H 0.3 60.26 59.94] -83.46] -84.89 11.28 975 911 -10.17
Bottom  3I 0.4 62.96 62.58| -78.63| -80.02 11.20 9.74 900| -10.01
0.5 64.76 64.36| -75.08| -76.42 11.20 9.81 -8.81 978
0.6 66.04 65.62] -72.33| -73.61 11.24 9.90 -8.60 -9.54
0.8 67.72|° 6731 -6833| -69.52 1135 10.11 -8.22 -9.10

7 us 2H 0.2 68.94 68.89| -94.94| -95.26 2227 2192 -13.53) -13.73

DiS 2H 0.3 74.21 74.151 -87.21 -87.55 21.98 21.63| -13.00 -13.18
Bottom  1H 0.4 77.55 77.47| -81.89] -82.22 21.74 2139 -12.41| -12.59
0.5 79.76 81.20] -7791] -75.10 21.59 2118} -11.87] -11.58
0.6 81.29 81.20f -74.77} -75.10 2150 21.18 -11.41f -11.58
0.8 83.23 83.14| 7011 -70.42 21.42 2111 -10.65] -10.82

8 uUs 2H 0.2 60.21 60.02] -93.59] -94.61} - 1637 15.10] -11.82} -12.46

DS~ 2H 0.3 64.94 64.67] -86.22| -87.23 16.03 1481) -11.65) -12.26
Bottom  2H 0.4 67.90 67.59| -8L.17{ -82.16 15.87 1470 1127 -11.85
0.5 69.87 69.55| -77.43| -7839 15.81 1469 -10.88| -11.44
0.6 71.25 70.92| -74.51] -7543 15.81 1473 -10.51} -11.05
0.8 73.04 72.70| -7021| -71.06 15.87 14.85 9.89 -10.40

9 uss 211 0.2 53.92 53731 -89.25| -90.31 11.58 10.25 -9.00 -9.74

D/S . 2H 03 58.18 5791 -82.20|  -83.24 1133 10.07 9.16 -9.86
Bottom  3H 0.4 60.76 60.46| -77.40 -78.40 11.27 10.08 -9.02 -9.68
0.5 62.48( 62.15| -73.88 -74.83 11.30 10.16 -8.81 -9.44
0.6 63.69 63.36] -71.15) -72.07 11.36 10.27 -8.59 9.20
0.8 65.27 64.95] -67.18] _-68.03 11.49 10.48 -8.19 -8.76
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Table 3.25 Comparison between Part -1A and Part -1B Study of Principal Stresses (Ton/m2) with
Different Foundation Extent in any Rigidity of Foundation

. o Major Principal " Minor Principal
Case Foundation Extent - -
o (EmED] RETOR BT T Heel Toe Heel "Toe
R U/s D/S _|Botton{ Case-A | Case-B | Case-A | Case-B | Case-A | Case-B | Cane-A | Case-B

1 0.2 1.0H 1.0H | 1LOH 8193 81.27| -104.28| -106.58 2420] - 21.83] -16.56] -17.86
1.0H 1.0H | 2.0H 67.45 66.94] -98.33| -100.92 16.45 13.87 -12.06{ -13.85
1.0H 1.0H | 3.0H 58.44] 58.18] -91.58] 9397} 1155 9.62 -7.85} -10.01
1.5H 1.5H | 1.0H 74.29 74.14] -99.01] -99.84 23.16 2228 -15.13) -15.63
1.5H 1L.5SH | 2.0H 63.36 63.01] -9597| -97.55 16.53 1461 -12.36| -13.35
1.5H 1.5H | 3.0H 5591 55.68| -90.62| -92.04 11.56 9.96 -8.89 -9.99
20H | 2.0 | 1.0H 68.94f 68.89( -94.94] 9526 22.27 2192 -13.53} -13.73
20H | 2.0H | 2.0H 60.21 60.021 -93.59| 9461 1637 15.10f -11.82] -12.46
20H | 20H | 3.0H 53.92 53.73] -89.25] -90.31 11.58 10.25 -9.00 9.74

2 0.3 1.0H 10H | 1.OH | 8753 86.81] -95.53] -97.92 24.49 22.00) -15.88) -17.15
1.0H 1.0H { 2.0H 72.51 71.81} -90.50} -93.14 16.23 13.63] -12.00} -13.73
1.0H 1.0H | 3.0H 62.94 62.51] -84.36] -86.75 11.20 9.29 -8.201 -10.29
1.SH LSH | 1.0H 79.69 79.50 -90.861 91.74] = 23.12 2221] -1450| -14.99
1.5H 1.5H | 2.0H 6822 6777 -88.38| -89.97 16.25 1437( -1221 -13.16
L5H 1.SH | 3.0H 60.26 59.94f -83.46| -84.89 1128 . 975 9.11] -10.17
20H | 2.0H | 1.0H 74.21 74.15| -87.21| -87.55 2198 2163] -13.00( -13.18
20H | 2.0H | 2.0H 64.94 64.67| -86.22| -87.23 16.03 14.81] -11.65| -12.26
20H | 2.0H | 3.0H 58.18 57.91} -82.20) -83.24 11.33 10.07 9.16 9.86

3 | o4 | 1oH | 10H | 1oH | 9134] 90.54] -89.50{ .91.90] 2438} 2192 -1513| -16.37
108 | 1oH | 20| 7579 7s.00 -8sa7| -87.78[ 16.04| 1352 -1167{ - -1334
10H | 10H [ 30H | 6576 6523 -79.51( -81.83 -1L07| 922( -8.18( -10.18
1sH | 15H | 1o | 8326 8303 -8527| 8615 2294 2205 -1382| -1430

C1SH | LSH | 20H | 7134] 70.83| -8321| -8477| 1609 1429 -11.83| -12.74
15H | 1sH | 308 | 6296] ~ 62.58] -7863 -80.02f 1120] 974] -5.00[ -10.01
20 | 20H | 10H | 7755 77470 -8189| 8222} 2174 2139| -1241} -12.59
208 | 208 | 200 | 6790 67.59) -8117] 8216} 1587 -1470) -1127| -11.85
20H | 20H | 30H | 60.76| 60.46| -77.40| -7840| 1127 1008  -9.02[ -9.68

14 05 | I0H 1.0H | 1.0H 94.01 93.14f -85.04{ -87.38} - 24.28 21.87f -1445] -15.66
10H |" 1.0OH | 2.0H 78.03 77.19| -81.24f -83.79 15.95 13.511 -11.30| -12.91
1L.OH 1.0OH | 3.0H 67.64 67.08 -7595| -78.19] 11.03 9.25|  -8.04 -9.98
1.5H 1.5H | 1.0H 85.67 85.41} -81.08] -81.95 22.81 21.94] -13.21f -13.68
1.5H 1.5H | 20H 73.44] 7290} -79.38] -80.90 16.02 1429) -11.43} -12.30
15H 1.5H | 3.0H 64.76 64.36] -75.08] -76.42 11.20 9381 -8.81 -9.78
20H | 2.0H | 1.0H 79.76|". 81.20f -7791] -75.10 2159 21.18] -11.87| -11.58
20H { 20H | 2.0H 69.87 69.55| -77.43] -78.39 15.81 1469|  -10.83 -11.44
20H | 2.0H | 3.0H 62.48 62.15 -73.88{ -74.83 11.30 10.16 -8.81 -5.44

5 0.6 1.0H | 1.OH | 1.OH 9591} .95.02] -81.52| -83.82 24.20 21.84| -13.86 -15.03
1.0H 1.0H | 2.0H 79.62 78.751 -78.16] -80.64 15.90 13.54] -1093{ -12.49
1.0H 1.0H | 30H | ~ 6897 68.40|  -73.20] 7536 11.03} . 933 -7.88 9.75
15H 15H } 10H 87.36 87.09) -77.79] -78.63 22.73 21.87] -12.68) -13.13;
1.5H 1.5H | 2.0H 74.92 74.36) -76.39 -77.85 16.00 1433} -11.05| -11.89
L5H 1.5H | 3.0H 66.04 65.62| -72.33| -73.61 11.24 9.90 -8.60 9.54
2.0H 20H { 1.0H 81.29 81.20¢ 7477 -75.10 21.50 21.18) -11.41} -11.58
20H | 20H [ 20H 71.25 70.92| -74.51] 7543 15.81 1473| . -10.51| -11.05
20H | 2.0H | 3.0H 63.69 63.36| -71.15| -72.07 11.36 10.27 8.59( - -9.20

6 0.8 1.0H 1.0H | 1.0H 98.40 97.51| -7631] -78.49| 24.09 21.85) -12.89 -14.01
1.0H 1.0H | 2.0H 81.74 80.87] -73.68] -76.00| 15.89 13.67) -1031] -1L78
1.0H 1.0H | 3.0H 70.74 70.17{ -69.21] -71.21 11.08, 9.49 -7.56 -9.33
1L5H 1.5H | 1.0H 89.55 89.28{ -72.90| -73.70 22.64 21.83| -11.81} -12.24
1.5H 1L.5H | 2.0H 77.54} 76.31] -70.30) = -73.35 16.07 1447 -1012] -11.19
1L5H 15H | 3.0H 67.72 67.31] -68.33] -69.52 11.35 10.11 -8.22 -9.10
20H | 20H | 1.0H | . 8323 83.14{ -70.11| -70.42 21.42 2111 -10.65| -10.82
20H | 2.0H | 20H 73.04 72.70¢ -70.21| -71.06 15.87 14.85 -9.89{ -10.401 .
2.0H | 2.0H | 3.0H 65.27 64.95] 67.18] -68.03 11.49 10.48 -8.19 -8.76]
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Figure 3.21 Horizonal Stress of Part-1C Study
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Figuré 3.23 Shear Stress of Part-1C Study
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3.3 Diseussions on the Results of Part — 2 Study
As explained before that in this part, some of case in part-1 are continued to be

studied. Here, modified uplift (uplift pressure with condition of any drainage gallery in
dam body) is applied together with the water pressure as external pressures. The
foundation elasticity is taken 0.4 of dam elasticit}" (weak foundation .rock) and
foundaﬁon extent is varied in depth and lateral extension. The initial foundation extent
~ of this part to be studied is :
| - 1H ws

- 1H d/s

- 1H depth.
And then for comparative study, the foundation extent is-increased to 2H and 3H. To
study effect of wider foundation, the foundation extent is increase to 2H. Here,
displacements both horizontal and vertical at crest, heel and toe and also stresses at

heel and toe are worked out and analyzed.

3.3.1 Displacement

Table 3.30 shows the horizontal and vertical displacements at crest, heel and
toe. From the table, it can be seen that as deeper the foundation extent, the horizohtal
displacement increases at crest and toe but, decreases at hepl. But, if lateral foundation
extent is increased, the horizontal displacement reduces slightly at crest but increases
slightly at heel and toe. No change of direction of horizontal displacement has been
founa in all the cases of foundation extent. In case of vertical displacement, 1t can be |
noted that, there is the cjhange of direction at the heel from upward to downwérd. At
crest and toe, the downward settlement tend to increase with deeper foundation extent
but no appreciable effect of increasing lateral founda'tion' extent 1s observed. Figures
3.29 up to 3.32 show the magnified deflected shape of dam and foundation of all cases

of this part of study.

3.3.2 Stresses ‘
Table 3.31 shows the stresses at heel and toe of this part. Tensile stresses have
developed at heel and compressive stresses at toe. The horizontal stress at heel and toe

in deeper and wider foundation extents have shown in decreasing trend. In comparison

Kinite Element Analysis of Conerete Gravity Deaim on Stratifted FFoundeations
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to case 1 (1H u/s, 1H d/s, 1H depth), the reduction in horizontal stress at heel is around
56%, 76% and 3.4% for case 2, case 3 and case 4, while at toe the reduction is around
5%, 16.5% and 15%. The vertical stresses developed are tensile at heel and
compressive at toe. These vertical stresses have also shown decreasing trend with
foundation extents. In comparison to case 1, the reduction in vertical stress at heel is
around 30%, 45.5% and 13.7% for case 2, case 3 and case 4, while at toe, it is arouﬁd
2.2%, 7.1% and 11.1%. |

Figures 3.33 to 3.36 show the contour of horizontal stress in dam and
foundation in all cases of this part. From these figures, the stress concentration at heel
and toe can be seen. The tension zone is concentrated at heel and compression at toe.
The region of compressive stress is around 75% in dam body and around 90% in
foundation.

Figures 3.37 to 3.40 show the contours of vertical stress in dam.and foundation.
Here, the region of compressive stress is more dominant, that is around 95% in dam
body and around 98% in foundation. It can also be noted that the stress concentration in
foundation is below the dam base. The stressed zone in upstream and downstream
direction for both horizontal.and vertical stresses at the base 1s sm_all. Shear stresses at
heel and toe can also be seen in Table 3.31. From this table, it can be seen that the
éhear stresses are of the same order in all cases. At heel, if it is compared with case 1,
the shear stress; has increased around 6.6%, 7.8% and 3.3% fof case 2, case 3 and case
4.

The major and minor principal stresses in all the four cases of this part of study
arc shown in Table 3.31. It can be scen from the table that with the deceper and widcr-
foundation extents, the major principal stress has decreased both at heel and toe. But
the minor principal stréss, at heel has increased and decreased at toe with deeper and
wider foundation extent. The contours of major principal stress in all four cases can be
seen in Figures 3.41 to 3.44. It can be seen from these figures that tensile principal
stress is concentrated at heel and compressive around toe and downstream face. Here
also, the stresses in foundation are concentrate just below of the dam base and stresses

reduce sharply in upstream and downstream side.

Finite Liement Analysis of Concrete Gravity Dam on Stratified I'oundations
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Figure 3.30 Deflected Shaped of Dam of Parf—z,
Case-2 Study | |
Deflection magnified by 1500
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Figure 3.31 Deflected Shape of Dam of Part-2,

Case 3 Study
Deflection magnified by 1500 times
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Figure 3.34 Contour of Horizontal Stress in Dam and

Foundation of Part-2, Case 2 Studv
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Figure 3.38  Contour of Vertical Stress in Dam and Foundation
of Part-2, Case 2 Study B
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Figure 3.39  Contour of Vertical Stress in Dam and Foundation
of Part-2, Case 3 Study o
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Figure 3.42 Contour of Major Principal Stress in Dam and
Foundation of Part-2, Case 2 Study
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Figure 3.43 Contour of Majoi‘thi'incipél( Stress in Dam and
- Foundation of Part-2, Case 3 Study
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‘ 3.4 Dlscussron on the Results of Part-3 - Study

In thrs part, a shear zone 1 m wide with mclmatlon of 45 deg,ree is assumed to be
- located at dlfferent locatrons Itis located at [0m from toe on the downstream side, at
the center of dam base and 10 m from. heel on upstream side. The foundatlon extent is
taken in thrs part of study as 2H in. lateral drrectron on both sides and IH in depth with
fixed at the bottom and roller on lateral srd_e.- Foundation elasticity is taken 0.4 of dam
elastieity and of shear zone as 1% of dam -elasticity. 'Here, the disptacement of crest,

he_e’l and toe and stresses at heel and toe are worked out in the three cases and analyzed.

3.4.1. Displ‘acernentsr_

Table 3.32 shows the horizontal and vertical displacements, at crest, heel and
toe 'inA all the three cases. From this table, it can' be s’een that the horizontal
drsplacement at crest and toe in case 1 is the maxrmum among all the three cases and
the- vertrcal drsplacement at toe in case 1 is also the maximum among all the cases but
it is practlcally same at the crest in all the’ cases. Here it can be noted that n the '

condltron of shear zone at the downstream end is the maxrmum and SO |t is a cntrcal, '

Figures 345 to 3.47 show the deﬂe‘cted 'shapejol‘ dam’and foundation of all
cases . and indicate' that downstream ]()cationr of shear zone is .criti(:a'-l. The
) displaee'ments with the shear zone in foundation have also been compared with the
displacement without any shear zone in Table 3.32. The com_parison shows that
horizontal displacement of the crest and settlement at toe have increased with the

presence of shear zone at the downstream location.

3.4.2  Stresses:

‘able 3.33 shows the stresses in all cases of this part of study From this table, it
is clear that in horizontal and vemcal stresses are maximum tenslle stresses when shear
zone is in downstream Iocatron (case 1). Contours of horlzontal stress in dam and
foundation are shown in Figures 3.48 to 3.50. The tensile \strcss is-concentrate around
the heel and compressive around the toe in the case when shear zone is in downstream.
In the other two cases where shear zone is in the center and upstredm location, the

entire foundation below the dam is subjected to horl/ontal tenstle stress.

Finie lﬁluraru::r Anulvsis of Conerere Grevity Dum ém-S/ml[/'Iud Fowndations
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‘Figures 3.51 to 3.53 show the contours of vertical stress in dam and foundation
system. from these figures, it can be seen that distribution of compressive stress
dominates the dam and foundation system. Stress in foundation is also concentrated
below of dam base and stressed zones in the sides are small. In fact, from these ligures,
it can be seen that the maximum tensile stress in case 1 is at heel and maximum
compressive stress is at the toe. But in cases 2 and 3, both heel and toe are subjected to
tensile stresses and the dam base is under compression. The maximum tensile stress on
upstream of toe is 72.4 ton/m2 and the maximum compressive stress is 133.6 ton/m2.
In case 2, this condition actually is somewhat similar with case 3 where the maximum
tensile stress is 71.1 ton/m2 and maximum compressive stress is 132.2 ton/m2. These
stresses are more in magnitude than those obtained without a shear zone. So, it can be
inferred that so far as vertical stresses are concerned, the shear zone in the center or
upstream location is more critical than case 1. In case of shear stress also, case | is
critical as compared to other cases.

The principal stresses in all cases in this part of study are also given in Table
333. From this table, it can be seen that major principal stress in case 1 is the
maximum both at heel and toe. The contours of major principal stresses are shown in
Figure 3.54 to 3.56. From these figures, it can be noted that in case 1, tensile principal
stress occurs at heel and compressive stress at toe. But in cases 2 and 3, tensile stresses
seem both heel and toe with maximum compressive stress of 186.4 ton/m2 at around
20 m above the toe on the downstream face (Figure 3.55). The principal stresses are

more than those worked out in the case with no shear zone in the foundation.

Linite Ilement Analysis of Concrete Gravity Dam on Stratified I'oundations
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Chapter - 4

CONCLUSIONS

In this study, a concrete gravity dam section 100 m high has been analyzed by using
2D-FEM programmed. The dam foundation system has been analyzed in different conditions.
In the analysis, dam is assumed to be founded on weak rock of varying elastic modulus
ranging from 0.2 to 0.8 times that of concrete. Different extents of foundation varying from
1H to 3H (H is height of dam section) have been considered. The Poisson’s ratio of rock has
been considered as 0.3 and 0.2. The dam foundation system has been analyzed both with full
uplift and modified uplift (with drainage). The dam ‘section has been analyzed with an
inclined shear zone in foundation at different locations such as downstream, upstream and
center of base of dam section. This study has been catried out in three parts and in each case, '
deformations and stresses (horizontal, vertical, shear, and principal stresses) at critical
locations have been workedvout and compared. The conclusion dertved from this analysis are
sunynarized below.

e Part-1 Study

In this part of study, the dam section ts an;alyzcd' with varying rock modulus, Poisson’s

ratio, and foundation extent by considering external loads of water pressure and full uphft '

pressure. The results of analysis show the effect of these parameters on deformations and

stresses. The general conclusions are:

|. Elastic modulus of foundation and foundation extent have a bearing on the
deformations and stresses in dam foundation system.

2. Boundary conditions of lateral sides (lateral extent 1.5H or more) are found to have
little effect on stresses and deformations in dam foundation system.

3. The value of Poisson’s ratio of foundation are found to have little eftect on stresses
and deformations in dam foundation system.

4. Modulus of foundation more than 0.5 times that of concrete is found to affect the
values of stresses and deformations in dam Ibundalionfsystmn marginally. Therefore,
the foundation rock having a minimum clastic modulus of 0.5 times of concrete is

suitable for the dam 100 m high.

Finite Element Analysis of Concrete Gravity Dam on Stratified Foundations
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‘Foundation extent 1.5H ws, 1.5 d/s and IH depth is considered adequate for analysis

with rollers on the sides.

. Part-2 Study
In thls part study, the dam section is analyzed with external loads of water pressure and -
modified uplift (with drainage). The result shows that: ‘

. Stress concentration in dam and foundation are observed around the heel and toe of
dam. Tensile stress is concentrate at heel and compressive stress at toe. In foundation,
stress concentration is seen below the dam base. |

2. By increasing the foundation extent in depth and sides, the stresses get reduced but
displacements marginally increase. o

3. The comparison of displacements and stresses with full uplift and modified uplifi are
shown .in Tables 330 and 3 31. 1t shows that displacement of heel and crest has
marginally reduced and settlement of toe has increased with modifi ed uphﬂ The
stresses at toe (compressive) have increased and ftensile stresses at heel have
substantrally reduced in case of modrﬁed uphft Shear stresses have also increased in

case of modified uplift.

e Part-3 Study
In this part study, a dam section is analyzed for siresses and deformations with a shear -
zone at different locations in foundation with loads and foundation extent as in part-2.
Analysis of resuits shows that: ,

I. The deflection of crest and settlement of toe increase with the shear zone at
- downstream location. The vertical and principal streqseq at heel (tensrle) and toe
Kcompresswe) also mcreased about 70 to 100%.

2. Tensile stresses are found both at heel and toe in case a shear zone is located below the

~ center of dam-base or i upstream of dam section.

3. Stress concentration in dam are not only found in heel and toe but also inside the dam

and downstream face. In foundation, stress concentration is seen below the dam base.

Finite Element Analysis of Concrete Gravity Dam on Stratified Foundations
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Conclusians

Suggestion for Further Studies.

1. Dam may be analyzed for others forces also.

2. The dam section maybe analyzed with other stratification to get an insight into the
behavior of the dam.

3. The study may be carried out with different heights of dam to specify the minimum rock

modulus.

Finite Illement Analysis of Concrete Gravity Dam on Stratified I'oundations
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