- THREE DIMENSIONAL FEM STUDY FOR
EFFECT OF VALLEY SHAPE ON BEHAVIOUR
OF EARTH AND ROCKFILL DAMS

A DISSERTATION
Submitted in partial fulfiliment of the

requirements for the award of the degree
of
MASTER OF TECHNOLOGY

_ in
. WATER RESOURCES DEVELOPMENT
(CIVIL)

By
PRASETYADHIE

WATER RESOURCES DEVELOPMENT TRAINING CENTRE
INDIAN INSTITUTE OF TECHNOLOGY ROORKEE
’ ROORKEE-247 667 (INDIA)
JUNE, 2004



CANDIDATE’S DECLARATION

I hereby certify that the work which is being presented in the dissertation entitled,
“THREE DIMENSIONAL FEM STUDY FOR EFFECT OF VALLEY SHAPE
ON BEHAVIOUR OF EARTH AND ROCKFILL DAMS* in partial fulfillment of
the requirement for the award of Degree of Master of Technology in WRD (CIVIL)
submitted in the Water Resources Development Training Centre, Indian Institute of
Technology Roorkee, Roorkee is an authentic record of my own work carried out during
the period 20 July, 2003 till the date of submission under supervision of Dr. Ram Pal
Singh, professor, WRDTC, IIT Roorkee and Dr. B.N. Asthana, visiting professor,
WRDTC, IIT Roorkee, India.

The matter embodied in this dissertation has not been submitted by me for the award of

any other degree.

Dated :  June 27, 2004 (PRASETYADHIE )

This is to certify that the above statement made by the candidate is correct to the best of

our knowledge.

Qy, e Wj”

(DR. B.N. ASTHANA ) (DR. RAM PAL SINGH )
Visiting Professor Professor
Water Resources Development Water Resources Development
Training Centre Training Centre
Indian Institute of Technology Indian Institute of Technology

Roorkee - India, 247667 - Roorkee - India, 247667



ACKNOLEDGEMENT

I bwish 10 express my very deepest thanks and gratitude to Dr. Ram Pal Singh, Professor
of WRDTC, IIT Roorkee and Dr. B.N. Asthana, Visiting Professor of WRDTC, IIT
Roorkee-India, for their continued and excellent guidance, .inspiration and correction
encouragement, which was very valuable in enhancing my knowledge and self
confidence in preparing and completion of this dissertation. Working under their

guidance will always remain a cherished experience in my memory.

I express my sincere gratitude to Dr. U.C. Chaube, Professor and Head Water
Resources Development Training Centre, ﬁ)r extendzng various faczlztzes during the

course of this work.

Special thanks to all the faculty members of WRDTC for providing. me sufficient
knowledge needed for completion of this document. To all staffs of WRDTC who in one
way or another extended their support and cooperation and provided of facilities during
course' of preparation of this study. To all my co-trainee officers batch 4 7" WRD and

23" [WM for the interaction and sharing of valuable information.

[ wish to express my whole hearted gratitude to the Government of Indonesia especially .
my office PT. ISTAKA KARYA (Persero) and the sponsor for giving me this rare .
opportunity to study for Master of Technology in WRD in WRDTC — IIT Roorkee.

Ultimately, a special and sincerest thanks to my wife, Dian Mufidah, and my loving
daughter, Indira Putri Arundati, for their persistent support, encouragement and

prayers throughout the duration of my study at WRDTC. _
Roorkee, 28, June, 2004

(PRASETYADHIE )

ii




CANDIDATE’ S DECLARATION
ACKNOWLEDGMENTS

'CONTENTS .-

LIST OF TABLES
LIST OF FIGURES.

SYNOPSIS

- CHAPTER li: INTRODUCTION

1.1.

1.2. IMPORTANCE OF DEFORMATION  CONSIDERATION
ATMS AND SCOPE OF THE STUDY
1.4. - THE ORGANISATION OF A DISSERTATION

1.3.

CHAPTER 2 :
' 2.1.
2.2.

- 2.3.

2.3.1..
2.3.2.
2.3.3. "
2.3.4.
2.3.5.
2.3.6.
2.3.7.
2.3.8.
2.3.9.
2.3.10.

2.4.

CHAPTER . 3

.
.

»

13 I VR =

GENERAL

GENERAL

CONTENTS

REVIEW QF LITERATURE

LAYERED ANALYSIS OF'EMBANKMENT DAM

ANALYSIS
Analysis
Analysis
Analysis
Analysis
Analysis
Analysis
Analysis
Analysis
Analysis
Analysis
SUMMARY

OF
of
of
of
of
of
of
of
of
of
of

:MAJOR'DAMS

Oroville Dam

Duncan Dam -

Mica Dam.

Chicoasen

Dartmouth

Tehri'Dam

Dabaklamm

"Dam

Dam

Dam

Bouquet Canyon Dam

Yeguas Dam

Tahamara Dam

:. METHOD OF ANALYSIS

" DESCRIPTION OF THE METHOD

Displacement Function

Shape Function

Strains

Stresses

Stiffness Matrix

NON LINEAR ANALYSIS

Page No.

ii
iii
vi
ix

Y

A ow N

10
10
13
15
18
20
22
25
27
28
28
31

54
54
55
56
56
59
59
61

Jiii



3.2:1.

CHAPTER 4

13.2.1
. '3.2.1
3.3- oL

3.4.-

". 3. s',j‘,

3.2.10
il
2.

lefMlxed Procedures N

vTechnlque for Incorporatlng Nonllnearlty

M.Incremental Procedures";?

'Iteratlve Procedures

SEQUENTTAL CONSTRUCTION L

'"CONSTITUTIVE LAWS'

-. STEPS OF .THE ALGQRITHMi S

: ABOUT THE PROGRAMES

4.2.
4.2.1.
4.2.2.

VRS

4.2.3.0

CHAPTER 5

CHAPTER 6

6.1.1.

4.3.
4.4.
4.5

: RESULTS OF FEM ANALYSIS

5.1.
5.2.

' 5.3.

5.4.
5.5.
5.6.

5.6.1.

5.6.2.
5.6.3.

6.1.
6.1.1.
6.1.1.
6.1.1.

6.1.1.
6.1.2.
6.1.2.
6.1.2.

6.1.2.

6.1.2.
6.1.3.

PENTAGON3D

_PENTMESH

Slice on PENTMESH
Creatlon of 3D Element that ‘Use 2D Entity

Deqenerate Elements

PENPRE
PENPOST A
. STEPS IN MAKING THE MODEL

GENERAL ‘

DISCRETIZATION‘OF>DAM'SECTION IN MESH

ANALYSIS PERFORMED

MATERIAL PROPERTIES

SIGN CONVENTION

RESULTS OF ANALYSIS

Case T ‘ -

Case II
' Case III

: DISCUSSION OF RESULTS

DISCUSSION‘OF RESULTS OF CASE I STUDY
Plane 1

Horizontal Disﬁlacement‘— u
'Vertical bisplecement - v
HorizonteI‘Normal'Stress - ax
Vertical Normai-Stress - ¢y

- Plane 2 ‘ .
Horizontal Displacement - u.
‘Vertical‘DiSplacementve v
Horizontal Normal Stress - ox
Vertical Normal;Stress - gy

Plane 3

68 -
73 -

62

62

eq
65

66 2.

‘80 iy-

80

a1

85 .-

86
87
87
89

_96 .

96
96
97
98
99

99
100

102
104

118

118
118

- 118

119
120
121
122
122
122

123

-124

124



6.1.3.1.

6.1.3.2.
6.1.3.3.

6.1.3.4.
6.2.
6.2.1.

6.2.1.1.

6.2.1.2.
6.2.1.3.
6.2.1.4.

.6.2.2.
-6.2.2.1.

6.2.2.2.
6.2.2.3.
6.2.2.4.
6.2.3.

6.2.3.1.
6.2.3.2.

6.2.3.3.
6.2.3.4.

6.3,

6.3.1.

6.3.1.1.
6.3.1.2.
6.3.1.3.
6.3.1.4.
6.3.2.

6.3.2.1.
6.3.2.2.
6.3.2.3.
6.3.2.4.
6.3.3.

6.3.3.1.
6.3.3.2.
6.3.3.3.
6.3.3.4.

Horizontal Displacement - u
Vertical Displacement - v
Horizontal Normal Stress - ox
Vertical Normal Stress - oy
DISCUSSION OF RESULTS OF CASE
Plane 1

Horizontal Displacement - u-

Vertical Displacément - v

'Horizontal Normal Stress - ox

Vertical Normal Stress - oy
Plane 2 -
Horizontal Displacement - u
Vertical Displacement - v
Horizontal Normal Stress - ox
Vertical Normal Stress - oy
Plane 3

Horizontal Displacement - u
Vertical Displacement - v
Horizontal Normal Stress — OX
Vertical Normal Stress - oy
DISCUSSION OF RESULTS 6E CASE
Plane 1

Horizontal Displacement — u
Vertical Displacement - v

Horizontal Normal Stress - ox

Vertical Normal Stress - oy

Plane 2

Horizontal Displacement - u

Vertical Displacement - v

_Horizontal Normal Stress - ox

Vertical Normal Stress - oy
Plane 3 ‘
Horizontal Displacement - u

Vertical Displacement.— v

Horizontal Normal Stress - ox

Vertical Normal Stress — oy

CHAPTER 7 : CONCLUSIONS

REFERENCES

II STUDY

IIT STUDY

124
125

126
126

127

127
127
128
129

131
132
132
133
134

134
135
135
136
137
138
138
138
138
140
141
142
143
143
144
145
145
146
146
147
147
148

199

204



LIST OF TABLES

No ~ Title | Page No.
S 2.1 Summary of Max. Earthquake Response under

MCE Condition . 24
5.1 Material Properties 99
6.1 Maximum Horizontal Displacemedts (cm) ,

Plane 1, Case -1 149
6.2 . Maximum Vertical Displacements (cm)}

Plane 1, Case 1 ‘ 149
6.3 © Maximum Horizontal Normal Stress (t/m2),
' Plane 1, Case 1 149
6.4 . Maximum Vertical Normal Stress (t/m2),

Plane 1, Case ‘1 149
6.5 © Maximum Horizontal Dlsplacements (cm),

Plane 2, Case 1 : ~ 150
6.6 Maximum Vertical Dlsplacements (cm),
- Plane 2, Case 1 150
6.7 . Maximum Horizontal Normal Stress (t/m2),

Plane 2, Case 1 ' - 150
6.8 . . Maximum Vertical Normal Stress (t/m2), .

Plane 2, Case 1 ' 150
6.9 Maximum -Horizontal Dlsplacements (cm) ,

Plane 3, Case 1 ' 151
6.10. Maximum Vertical Displacements (cm),

Plane 3, Case 1 ' 151
6.11 Maximum Horlzontal Normal Stress (t/m2),

Plane 3, Case 1 151
6.12 Maximum Vertical Normal Stress (t/m2),

Plane 3, Case 1 151
6.13 Maximum Horizontal Dlsplacements (cm),

Plane 1, Case 2 152
6.14 Maximum Vertical Displacements (cm),

Plane 1, Case 2 152
6.15 Maximum Horizontal Normal Stress (t/m2),

Plane 1, Case 2 152
6.16 Maximum Vertical Normal Stress (t/m2),

Plane 1, Case 2 : 152

vi



6.23

6.27

6.33

. Maximum Horlzontal Dlsplacements (cm),
. Plane 2, Case 2 : - -

:  Max1mum Vertlcal Dlsplacements (cm), .
Plane 2, Case 2 ' ‘ C

'Maximum-HOrlzontal*Normal Stress (t/mZ),
"Plane 2 - Case 2

Max1mum Vertical Normal Stress (t/m2),
Plane 2, Case 2

7Max1mum Horlzontal Dlsplacements (Cm);“
.Plane 3 Case 2 C

Maximum-Vertical Displacements-(cm)}7»

Plane 3, Case 2

Maximum Horizontal Normal Stress (t/m2),
Plane 3, Case 2 '

Maximum.Vertical Normal Stress (t/m2),
Plane 3, Case 2 :

Maximum Horizontal Displacements {cm),
Plane 1, Case 3 ”

Relative Horizontal Displacement (cm),

"Plane 1, Case 3

Maximum Vertical Displacements (cm),
Plane 1, Case 3

Maximum Horizontal Normal Stress (t/m2),

Plane- 1, Case 3

Maximum Vertical Normal Stress. (t/m2),
Plane 1, Case 3

Maximum Horizontal Displacements (cm),
Plane 2, Case 3

Relative Horizontal Displacement (cm),
Plane 2, Case 3

Maximum Vertical Displacements (cm),
Plane 2, Case 3

Maxxmum Horlzontal Normal Stress (t/m2),
Plane 2, Case 3 :

Maximum Vertical Normal Stress (t/m2),
Plane 2, Case 3

' Maximum Horizontal Displacements (cm),
‘Plane 3, Case 3

C o153
s3I i
1530

153 7S

154?1A5

154

" 154 -

154

155

155

155
156
156
156
157

157

157

158

158

vii



6.37

6.38

6.39

Relative Horizontal Displacement {(cm),
Plane 3, Case 3

Maximum Vertical Displacements (cm),
Plane 3, Case 3

Maximum Horizontal Normal Stress (t/m2),

Plane 3, Case 3

Maximum Vertical Normal Stress .(t/m2),
Plane 3, Case 3

158

159

. 159

159

viii



LIST OF FIGURES

Title- ' - Page No.

-1 Dlsplacement due to Dead Welght in
Standard Dam : S 35
2 Displacement in Standard Dam: 7 & 14
"Lift Construction 35
2.3(a) ‘Rigid Shoulder Study - Effect of Number of
: Layers on Settlement: : 35
(b) Rigid Shoulder Study - Effect of £, 6 Layers
Analyses - 36
(c) Settlement on Beliche Dam Centre Line - 36
.4 - Effects of Reservoir Filling on'a Zoned Dam 36
.5 Horizontal Displacement due to-Reservoir Filling 37
.6 Vertical Displacement due to Reservoir Filling 37
.7 Calculated Horizontal Movements at 3 Stages of
Reservoir Filling, Oroville Dam 37
2.8 3D FE Model of OroVille dam ' 37
-9 . Computed Amplification Functions for Crest
-Mldp01nt of Oroville dam-: _ 38
.10 " "‘Acceleration Response Spectra for Motions at
Crest Midpoint of Oroville dam 38
.11 (a) Typical Cross Section of Duncan Dam 38
(b) Longitudinal Section ¢f Duncan Dam and
Foundation showing Constructlon Sequence ‘and .
Location of Cracks 39
.12 The Cracking Sequence . . 39
.13 Horizontal Displacement along Main Transverse
Section at Elev.2150 due to Further Fill
Placement (Linear Analysis) _ 39
.14 ~ Major Principal Stresses along Vertical
Column of Core : 40
.15 First Modification of Chicoasen dam,
Vertical and Central Impervious Core - _ 40
.16 : Zoning of Material and Mechanical _
Characteristic, 3-D analysis, Case 2 41
.17 (a) Longitudinal Max. Cross Section, Case 3 41

- (b) Transverse Cross Section along Dam Axis, Case 3 42

.18 Modified Max. Cross Section of the Chicoasen dam 42



;19(al _
L (b)
- (a)

(b)

.22.
.23

l24la)

-23
.26

.27
.28

.29
.30
.31

32

.33(a)
(b)

.34
.35

.36

.37
.38

.39

':Settlement Proflle at’ Elev 370
VHorlzontal Movement Proflle at Elev. 370

' Cross Section of Ten;i Dam_ AR )
- 2D dam section at B-11 with max. core

Contours- of Plastic Strain at. End of Earthquake

“for the Two Sectlon
‘ Dabaklamm Dam
FEM Calculatlon of the Phy51cal Model

fComparlson of Horlzontal & Vertlcal Stress

Comparison of Settlement

~Calculation of Dead Weight

FE Model of Bouquet CanyontDam

Resonance Curves at Statlon B of Bouguet
Canyon Dam

Vibration Shapes along the Crest of Bouqnet
Canyon Dam

Main Cross. Section of Yeguas Dam

FE Mesh

Comparison of Settlement at End of Construction

Comparison Settlement at 136 days after End
of Constr.

Typical Cross Section of Tahamara Dam
Dam Body Model Used for Analysis-

Distribution of differential compression
and cumulative settlement due to consolidation

from completion of embankment to start of

reservoir filling

Consolidation of settlement due to secondary
consolidation from start of reservoir filling
to December 1995

Calculation of settlement due to reserv01r
Loading :

Calculation of settlement due to infiltration

Results of calculation of settlement due to
change in reservoir filling

Comparlson between calculated. and measured
differential settlement

43
43

49 7

a4 -

45

45

46 :z:
.46 &

- 47

A47

47

48
48

49

49

50

50
50

51

51

52

52
53

53



.40

.41

.10
.11
.12
.13
.14

.15

(a)
(b)

(a)

Comparison between calculated and measured

-cumulative settlement

Percentage of causes of crest level settlement

3-D Finite Element Showing Node Number

Non Linear Curve

" Basic Incremental Procedure

Iterative Procedure

Step Iterative Procedure

" Mixed Procedure

Hyperboiic Stress-Strain Curve
The PENTMESH Screen

Concept of Slice

Quad4

Quads

Frame, Truss, Spring

AddElementLayer Menu

Creatien of 3D 8-node solid element

The Variods Shapes of Degenerated Elements
Degenerate Hexa Element Menu

Tﬁe Surface NumberfgflElement
AddElementLayer Box

The Dialog Box of Degenerated Hexa

PENTPRE Screen

PENTPRE Boundary Condition

PENPOST Screen

Section of 100 m ngh Earth and Rockfill Dam

Finite Element Idealisation of the Dam
Longitudinal Section along Central Core

-Maximum Transverse Section of the Dam

One Stage of Construction Dam and One Stage
s Full Reserv01r Filling

53

54

77

77

78

78

78

79
79
91
91
91 -
91
91
92
92
92
93
93
93
94
94
94
95
106

106
106

106

x1i



.10
11
.iz
13
.14
.15

.16

17

.18

.19

.20.

.21

" 3-D Vertlcal Movement, End of Constructlon,

*;One Stage of Constructlon Dam and Four Stages '

Reservoir Filling . S , 107

-Seven Stages of Constructlon Dam and Four Stages .
" Full. Reserv01r Fllllng T 107"
'381gn-Conventlon' j;'“ SR :: LS B 1077

3-D Horlzontal Movement, End-of Construction,

Slngle Lift { ;" 5'1 : ’ 103;‘

3= D Horlzontal Movement, End of Constructlon,~
Seven Lifts. - S . o 108

Single Lift . - 109

3-D Vertical Movement, End of Construotion,

‘Seven Lifts . - L _ o 109

3-D HorizontalnNormal'StreSs, End of Construction,
»Slngle Lift ' 110

.3 D Horizontal Normal Stress, End of Constructlon,

Seven Lifts - A 110

3-D Vertical Normal Stress, End of Constructlon,
Single Lift _ ‘ 111

3-D Vertical-Normal Stress, End of Construction,

- Seven Lifts o "111

-
3-D Horizontal Movement, Full Reservoir Filling,
One Stage Full Reservoir 112

3-D Horizontal Movement, Full Reservoir Filling,
Four Stages Full Reservoir 112

3-D Vertical Movement, Full Reservoir Filling,
One Stage Full. Reservoir © 113

3-D Vertical Movement, Full Reservoir Filling,
Four‘Stages Full Reservoir- : 113

3-D Horizontal Normal Stress, Full Reservoir Filling,
One Stage Full Reservoir : 114

3-D Horizontal Normal Stress, Full Reservoir Filling,
Four Stages Full Reservoir 114

3-D Vertical Normal Stress, Full Reservoir Filling,

One ‘Stage Full Reservoir . . 115
3-D Vertical Normal Stress, Full Reservoir Filling,
Four Stages Full Reservoir . L 115

3-D Horizontal Movement, Full Reservoir Filling,

7 Lifts Construction 4 Stages Reservoir Filling_ 116

xii



.. 5.22

6.2

6.3

6.5

6.6

6.8

6.10

6.11

6.12 -

6.13
6.14

6.15

3-D Vertical Movement, Full Reservoir Filling,
7 Lifts Construction 4 Stages Reservoir Filling 116

3-D Horizontal Normal Stress, Full Reservoir Filling,
7 Lifts Construction 4 Stages Reservoir Filling 117

3-D Vertical Normal Stress, Full Reservoir Filling,
7 Lifts Construction 4 Stages Reservoir Filling 117

Horizontal Displ. - u along Height at Different
Location over Plane 1, Case 1 160
Vertical Displ. - u along Height at leferent
Location over Plane 1, Case 1 161

Horizontal Normal Stress ox along Helght at leferent
Locatlon over Plane 1, Case 1 162

Vertical Normal Stress oy along Helght at Different

‘Location over Plane 1, Case 1 : ‘ 163
Horizontal Displ. - u along Height at Different
Location over Plane 2, Case 1 ‘164
Vertical Displ. - u along Height at Different
-Location over Plane 2, Case 1 165

Horlzontal Normal Stress ox along Helght at Different.

" Location over Plane 2, Case 1 , 166

Vertical Normal Stress oy along Helght at Different .

Location over Plane 2, Case 1 ) 167
" Horizontal Displ. - u along Height at Different
Location over Plane 3, Case 1 ‘ 168
Vertical Displ. - u along Height at Different
Location over Plane’3, Case 1 169

Horizontal Normal Stress ox along Height at Different

. Location over Plane 3, Case 1 170

Vertical Normal Stress oy along Height at Different

Location over Plane 3, Case 1 171
Horizontal Displ. - u along Height at Different
Location over Plane 1, Case 2 - 172
Vertical Displ. - u.along Height at leferent

. Location over Plane 1, Case 2 173

Horizontal Normal Stress ox along Height at Different
Location over Plane 1, Case 2 174

Vertical Normal Stress oy along Height at Different
Location over Plane 1, Case 2 ’ 175

xiii



8
.1.»9> t

120
i 21
".}2'2
.23
.24
.25
.26
.27
.28
.29
.30
.31
.32
.33
.34

.35 -

P:HoriZOntal Displ. -.u- along Helght at leferent

,Locatlon over Plane 2, Case 2' o 176
‘Vertical Displ - u along Helght at leferent N

'jLocatlon over Plane 2, Case 2 o 177

lHorlzontal Normal Stress oX along Helght at Different
'_Locatlon over Plane 2, Case 2 . =~ - - - 178

E;Vertical Normal Stress oy along Height at Different

N Location over Plane 2 " Case 2 _ . 179
_Horizontal Displ. -'u along Helght at leferent

- Location over Plane 3, Case 2 ' .- 180

Vertical Displ. - u along Height at Different

" Location over Plane 3, Case 2- 181

'Horizontal Normal Stress ox .along Height at Different

Location over Plane 3, Case 2 : 182

Vertical Normal Stress oy along Helght at Different

Location over Plane 3, Case 2 183
Horizontal Displ -u along Helght at Different
Location over Plane 1, Case 3 ) 184

Relative Horizontal Displ. to End of Construction

over Plane 1, Case 3 . 185
" Vertical Displ. - u along Height at Different
Location over Plane 1, Case 3 : 186

Horizontal Normal Stress ox along Height at Different
Location over Plane 1, Case 3 : 187

Vertical Normal Stress oy along Height at Different

Location over Plane 1, Case 3 ‘ 188
Horizontal Displ - u along Height at leferent
Location over Plane 2, Case 3 189

Relative Horizontal Displ. to End of Construction

over Plane 2, Case 3 : ' » 190
Vertical Displ. - u along Height at Different
Location over Plane 2, Case 3 ) 191

_Hotiiontal Normal Stress'cx"along'Height at Different

Location over Plane 2, Case 3 192

‘Vertical Normal Stress oy along Helght at Different
" Location over Plane 2, Case 3 _ A 193

Horizontal Displ. — u along Height at Different
Location over Plane 3, Case -3 X . 194

o x1iv



6.36

6.38

6.39

Relative Horizontal Displ. to End of Construction

over Plane 3, Case 3 195
‘Vertical Displ. - u along Height at Different

Location over Plane 3, Case 3 196

Horizontal Normal Stress ox along Height at Different
Location over Plane 3, Case 3 197

Vertical Normal Stress oy along Height at Different
Location over Plane 3, Case 3 198

Xv



SYNOPSIS

‘The objécfive of thié study'ié to carry ouﬁ the following.
1. To détermine the efféct.'of nuﬁber of - iifts for end of
construction.
2ﬂ To determine the effect of the reServoif filling have being
déne»in sihgie stage.and four stagés.
3. To study4the effect of seven lifts-at ena of construction
‘with four étages reservoir filling
A 100.m high dam‘with a vertical core has been used in this
Study. The dam has been coﬁsidered to be locatéd in a narrow
valley wigh valley wall slope of 1H:1V with 50 m base width. The
materials ofAthe various zones cshéll, filter and core) of the
dam are assumed to exhibit nonlinear behaviour. The hyperbolic
model has been adopﬁéd té modei the stress strain behaviour of
the materials. The behaviour has been studied at three different
cross section and five interfaces at different elevation on each
cross section.

The dam has been discretised into 560 ﬁumbers of 8 noded
brick eiements, andACOnsists of 748 nodes, each néde havind 3
degrees of freedom, thus having 2244 degrees of freedqm. The
foundations ahd the abutments for all.the’analyses have been
taken as rigid. The finite element bases package ‘PENTAGON3D’ 1is
used to analyze the deformations and stresses.

The'major fihdings of the present study aré as follows:
> Effect of number of lifts fér end of construction

Horiionpgl displacement in single 1lift is found slightly
less than the same obtained by seven lifts with a similar in

pattern.

474



fTheﬂlocation.of:vertical_diéplacement is found at the mid .

- height oflthe_dam for seveﬁklifts constrdction'while at-the ‘i.‘;‘

-_tpp'of-thé,dém'for.5ingle*lift gdnstrﬁétiqn.
'vSingléﬁénd-séven 1ifts anélysiS»indicate,some tensionién;thg,;
- crest of:ﬁheidém near ﬁherabptmenﬁ (Plane 3) eXtenglng to ‘
some‘porti§n of upstreémhaﬁd.doynstream\faces ofvthe Qam -
't Due . to ﬁfhe vaiiey efféc£7 the @aénitude of StrésS‘ énqi
' defqrmation  in jPlane 2 ;hd' Plaﬁé 3lvare foqndea :té bé:
,-reducing compafe to the central section (Planévlf
“Effect of feservoif fiiiiné havé being done in single
stage and four stages
The vertical displacement and the stress distribution on
single stage full feservoir filling are found higher thaﬁ
the same obtained by four stages reservoir filling while it
found slightly less in horizontal displacement.
The stresses due. to reservoir-filling are affected in the
upstream shell and there is only a small.impact on the other
zénes. The stresses distribution due to single stage full
reservoir filling is found more than the same obtained by
four stages reserveoir filling.
The magnitude of 'stress and deformation also found in
decreasing towards the ébutménts |
Effect of seven lifts at end of‘construction Qith four
stages of‘reservoir filling
‘The horizontal movement of upstream shell in the upstream .
direction at first and second filling of reservoir is

attributed to the‘effécts of softening of the upstream shell

material. The horizontal movemént in the downstream

xvii



direction at later filling stages. is the effect of water
load on thelqOre.

It is observed that the increase in the magnitude of the
stress and deformation due to reservoir filling on the

upstream shell is more prominent than on the core zone.
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CHAPTER 1.
INTRODUCTION

1.1. GENERAL

In its simpie and oldest form the embankment dam was
construéted~ with. i'ow—permeability soils to a normally
homogeneous profile.‘ It was then. incréasingly .recognized that,
in principle, larger embankmgnt dams required two components, .an.
impervious water-retaining element - or core of very " low
pe'rmea‘bility.soil and supporting shoglders of. coarser earthfill
(or of rockfill), to provide ‘structural stability. Given the
advahc_ements in techniques of design and soil testin_g, the
possibility of sliding failure can be almost completely
eliminated. Adequ;te‘knowledge and experien¢e- .is now available
to enable the_ designer to devise .effective measures to prétect.
the. dém,‘ provided these . are co_rrectly implemented and
maintained. The matter of great concern to an earth dam engine_er
today is the possible development of é leak through an actual or
incinpient crack in the dam. With increasing use of narrower
gorges with steeper sides and ever-increasing dam heights, the
need for safeguarding against cracks has become ever greater.
Cracks occur in regions of tensile strain as a result of
deformations caused by'._the:dead-. load of structure, filling of
the reservoivrior seismic action.

Many earth and chkfill dams have been. observed to have
undergone larcje settlements and horizontal movements and .
crackJ:.ng .on reservoir filling. The dams have experienced wide

variety of movements, both in the upstream direction and the



b deWnétreamhdireetion. These ' compiex movements neea to-be etudled :
u'under the comblned‘ effect of .. two _counter actlng effects qf7>i
'reserv01r fllllhg namelf kl) the watet'loads on the .dam and,(zj
the softenlng and weakenlng of the flll haterlai due to wettindfﬂb
(Nebarl and Duncan;.1972). CorteCt aeeessment of movements inw
dam are cailed for better uneerstandlng the behav1our of the dam’
L and to- safe guard agalnst cracks,. hydraullc fracturlng, etcy.
related fallure at design stage ltself | - o
‘The maln complex1ty arlses from the multlphese nature of
5011 and rocks. Further compllcatlons result,from factor euch;as
residuel stresses, discontinuities tesulting ‘from‘ joiﬁfSA and
fissures. Finite element method is one of the tools which of
lete, have been found to be of immense utility fof’anélysing
such complex systems; It is, therefore, natural for the engineer
concerned with such important structures as dams to turn to this
. numerical process for the answer-to the questionS"posed'at the

«

" analysis and design 'stages.

1.2. IM?ORTA&CE OF DEFORMATION CONSiDERATION:}

The stability of . an earth‘ dam during construction or
normal operetion is conventionally eiamined using equilibrium
methods of 'stability analysis. Thesev>procedures indicate_.the
factor of safety of the dam with respect to instability, but
’ they provide no information regatding the deformation .of the
dam. In recent years, there has been a grewihg realization of
the need ,to determine the deformation of a dam during
: consttuction.er operation. These deformétions may be of ihterest

" for a .number of reasons:



. Excessive settlements can .lead to loss of freeboard and
~ danger of overtopping.

. Exéessive spreading_ of an embankment may lead to the
.formation:éf longitudinal cracks which adversely affect its
stability. Such cracks have been 6bserved in many embankment:
. built on clay foundations.

. Differential ._settlemehts between sections along the axis of a
'dam may lead to development of ‘transverse cracks through.the
embankment which could allow passage of water and progressive
failure by efosion'and piping.

.ADifferential»settlements between the core and the shell of a
.zoned embankment can lead to reduction in the stresses in the
- core, and may result in -hydraulic fracturing if the stresses
- at any elevation are reduced tc values less than the pressure
.of thé water at théAsame elevation'(Seed,'Duncan and Idriss,
1975) . |

. Deformation pattern of the upstream face particularly under
the water load of the reséfvoir is‘necessary for the broper
design "of the concrete facing- of a tmncrete_faced rockfill
dam. A crack on the concfgée face may lead to‘ seepiqg of
water thrbugh it thereby softenin_g of fill material and an
unexbected deformation of the fill matérial may lead to
fqrther failure of concrete face;

. Conduits through or under embankment suffer from stretching
to one ﬁortion. and' compreésion to other portion due to
deformation of the dam. $It may lead to <cracking and
concentration of tension in ' the conduit and hence the

deformations of the embankment need to be known as well as



"the’{magnitgde,fbf such’ deformation for the .safe design OF - -

- underlying conduits.

1gon_widefiiv§¥s‘éonérgtergra&it§:spi;Lwéygrareloftén built in™"
; lthé maidifiver,éhannél Qith,éartﬁpdaﬁ:éﬁbéhkméht.bﬁ'eaﬁh eﬁdjﬁ_'i'
: fhév(cbnnéCtioﬁs- are usuall§' ﬁéde. simply by ektending the'-
f»cohcreté:aam.iﬁto_the earth_déﬁ,iaha'w;ap§in§ fhe embankmentﬁl
'fglopés afound the'end of the concrete dam on both sides. Tﬁéi
‘1embank@§nt'dém‘ij denerallyfcompacﬁed'directly aéaiﬁstAthé?
concreté dam with heavy roilérs; therefore high'embahkment
 $ettlémentAwoﬁld-n6t be'anﬁicipated: in some’ cases th§~dams
afe fairly high at the junctioné,'creating-a situation with
pqtential for differentiél . settlement cracking (Sherérd,

1973) .

1.3.LAIMS,AND SCOPE OF THE STUbY

A study has been carried out to analyse the behaviour of
embankment dam during construction as wel} as rese;&oir fi;ling
stages. Three dimensional incremental non linear analyéis
- simulating construction sequencé of the dam, has'been done for a
—d§m situated.in a narrow valley for end of constrﬁctiqn stage
and ;ncorporating the softening behaviour of fill material
during_ resepvoir Ifilling SO aS‘,tb predict and estimate the
movements of earth and rockfill dam. .This study is»liﬁited'to
the effect 6f reservoirlfillingnin stageé incorporated with the
vsequential-constﬁuction éf the dam. To.achieve this objective
following analyées have been éérried ouﬁ:
1. The effect of seqﬁential' construction »whep the dam i;

éssumed to be constructed in_Seven lifts over single 1ift. at

end of. construction



‘2. The effect of reservoir filling being done in different
stages whiie.thg dam is assumed to be Constructed.in singlé
lift

3. 'The effect of reéervoir filling is done in four stages and
the dam 1is .assumed to be constructed in seven lifts.‘
Relative horizontal displacementé'with end of constrﬁction
as datum have béen studied to énalyse the moVements due tor
reservoir filling.

A 160(& high earth and rockfill dam-with-a vertical core
has been selected for the study. The.valley walls are inclined
at approximately 1H:1V with base width of 50 m. Non linear
hyperbolicAstress—strain relationship has been used for all the

dam materials.

1.4. THE ORQANISAEION OF DISSERTATION

The‘stﬁdy is presghted in -seven chapters. The contents of
each chapter are briefly indicated below.

Chapter 1 Introduction of the problem scépe and

objective of study are given.

Chapter 2 Review of:;;terature has been given in this
.chapter
Chapter 3 The finite element method and the method

incorporating non*linearity of stress-strain
.relationship havé "been described in this
chapter. -
Chapter 4 A brief description- of the PENTAGON3D
program software of finite element for

performing 3-D non linear sequential



" Chapter 5
‘:Chapter,G

"~ Chapter 7

Gives the discussion of results.

analysis.of;the.damthaé been given in this.:

- chapter.

Gives the_fesults and analysis.
Gives the-“conclusibhs and suggestions fb:m

further study.



CHAPTER 2
REVIEW OF LITERATURE

2.1._’GEN#RAL

Measurements made 1n many earth and rockfill dams have
shown that la:%ge settlements, horizoﬁtal movéments and cracking
are - frequently“caused‘ 1by reservoir filling. The movement of‘
émbankment ‘due to _first filling of. reservoir'j'.s% the most
complicated as meas;ured and observed in a number of dams. The
magnitude, rate- anc‘i‘ direction of_ displacement at a specific
.p_oj;ntl _Awithinf a dam méy change during .different phases 6f
construction of the dam and operation of the reservoir.

Thé studies. about res-eﬁvoir filling and _us_ing of three
aiménsional analysis of finite element method in a few dams due

to this condition are described below.

2.2. LAYERED ANALSYSIS OF EMBANKMENT DAM

Embankments are built up in relatively thin horizontal
layers. Consequently, there will be a large nunﬁ:er of layeJ':s
during the construction of a rlaige dam. The limitationé of
computer modelling require rélatiVely thick layers to be used in
the idealization. In.-the past, to provide an insight into the
errors 1involved, the c_lo'sed form solution oAf the. incremental
analysis was usually compared to the finite elemént ‘layered’
a'na],ysis'using' a one dimehsional model which represents either a
soil column or a fill of large lateral extent. In the nexﬁ
approach of the conventional stress deformation, the structure
is' assumed to be completéd in single stage and the 'graviity ioad

is applied instantaneously as an external load to the complete
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structﬁre: Thie'Convecﬁiccel‘scidﬁioh'tfeets the gfevity effects
es:en extefdel.ioed appi%ed tcgpﬁe:finisﬁed strcctupe and‘validj*j
o if‘-thev etete-.of 'the' stressese‘ind'the:ﬁécructure* is;\stapically
'deﬁermihate'atieil etege of codetfdctich processpjbuc in ectdarf
Icccdition mOst: embackments are constrdcted ;in'slayers by: 3
:'incremental,pfoceesvend'the ldadjiseaccumuleted'gredceiiyhdufingkkﬁ
constructioc chus invalidates~the_eesumption of ‘one s’tavge_layer;’?T
aﬁalysis. |
Goodman and B;own_(1963y‘were the first to considerAtie
difference between incremenﬁel ccnstfcction andL instaccecedcs
loading in stress anelysis of embankments. They foccssed on the
stresses and displaceﬁent in.strucfures whichAié caused b§ ﬁhe
dead weight applied on the placihg of>material in iayer;bAs an
example, the case of an embankment built'ﬁp in horiionﬁal layers
is' considered and the stress results lead to a rational
descfiption of the rotational instability of slopes: The elastic
analysis developed indicates the dependence on the construction
seduence of the stress distribction in statically indetermihate
strdctures. Iﬁ predicts the curved failure surfaces observed in
embapkments and provides an explanation for. the appearance of
.cracks on the top surface of steeps cuts.
Later Clough and Woodward (1967) applied this concept of
incremental construction to the analysis of earth dam by finite
element 'method.  They evaluated the effect of inc&emental
conetruCtion, the ‘Standerd .eﬁbankmenf was first analyzed
considering it to be constructed in single lift; and ﬁas then
reanalyzed with‘the incrémenta; construction pfocess using 10
lifts. The stress distribution determined in the two caees

indicated similar pattern. The displacements were, in contrast,
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found to be considerably affected by cdnstruétion process. Thé
horizontal. displacements’Were geen to be quite similar in both
' céses but the ve;tical displacement for single 1lift case was
seen to be the largest at the top due the fact that they are
mérely the integrated strains developed over the full height.
The incremental analysis, however, shows zero vértical
displacément at the top, because after the top layeré was
piaced, no further.strains were developed. The ﬁaximum vertical
displaceﬁent in this case occurs near. mid height gs the region
is affectéd by all the strains occqrring below this level, as
~shown in Fig.2.1. The important question remains, however, as to
the number of lifts requiredvin order to obtain good accuracy in
the solution. For comparison purposes, an analysis was made of
_the standard embankment considering 7 1lifts and 14 1lifts.
<Vettical displacements computed at the 15 ft level and at 60 ft
level are.piotted in Fig.2.2 for both cases. Both sets of dété
points fall on the same curve for both elevations. Thus»it is
clear that  seven 1ift analysis provides an adequate-
representation of the conétruction procedure.

Naylor and Mattaf (1988); studied about the effect of
stiffness reduction factor '(f)r to reduce the layer analysis.
They made a compariéon in two  cases, first case with linear
elastic (f=4) and K-G model (£=3). The' difference was
insignificant and the second case described the effect of
varying £ and'the number of layers being kept-donétant at six,’
shown in Fig.2.3(a-b). The modelling of the construction "of
Beliche dam, Brazil, was investigated with this ‘effect; K-G
model, £ eéual to 3 with 2, 3 and 6 layers was used in the

modelling. The very small difference of displacement from the

g



\frésdit"ﬁés. observed:; Evéﬁ ‘QiEﬁG only two layérs the cénéral
-jdiéﬁiacement,only'différs-slightLyfromithat in. the sik:iéyer'
' énélyﬁis. The" study.icbnclﬁdéd,-ﬁhat thé ‘value of 'stiﬁfﬁéss
féduttidn. faé#or fronf-Blitbx-S  with non linear ”aﬁalysis ‘could
-rreducé the layered aﬁalysis up£§f4'to é layers; it will‘normally

" be .sufficient in any"embénkmeht dam analysis.

 2;3..’5 ANALYSIS OF MAJOR DAMS
2.571. Analysis of Oroville Dam
v“ﬂNobari Aandi Duncén_ (1972)' ﬁsed finite element method to
describe the movement of the daﬁ dueito reservoir filling.AThe
stresses in the part of the ‘dam wetted‘by the reservoir are
changed very significantly by effect of buoyancy and watér
loading. The movements in Oroville dam were calcﬁlated using the
finite element procedure and wére compargd with those measured
during reser&oir filling. The Oréville dam is 235 m highrwith a
moderately inclined central.cdfe and thick shells of rockfill
~: ggmpécted-to 100% relative dgnsity on either side of core.
. Théf{effect of feservoi: filling on a =zoned dam 1is
illustrated in Fig.2.4. These effects which result directly from
. the water iOadiﬁg are in following: |
1. The wafer load on the core causes downstream and downward
movements.

2. The wateﬁ load on the upstream foundation causes upstream
and downwaid movements. _ - i

3. The buoyant‘upliﬁt forces“in,the upstream shell cause upward
movements within this éone.

4: Theleffect due to scfteniﬁg'and weakéning caused by Wetting

of the upstream shell material.
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"The study of the movements of the Oroville dam was
. described ,és below. The movements first in “the upstream
diréction and iatef in the- dowﬁstream directionv dhring
contingoﬁs rise of the resefvoir can be explained in te#ms of
the .counteracting effects of softening of the upstream shell and
the water.ioad”on the core. The.upstream movements caused by
softening are greatest during the f;rst stage’ of reservoir
filling because tﬁe ‘émount‘ of compression dﬁe‘ té wetting is
greatest when overburden pressure is- large. The downstfeam
vaement caused by water loads, on the other hand, are greateét_
during the later stages of.reservoi; fi;ling, because the wafer'
- load on the core increases as the square of the depth of the
impounded water. Therefore, movements resulting frém.softening
due to wetting dominate during the eafly<stages of reservoir
filling and movements resulting from the water load dominate
during the léter stages, with ‘the result that the dam moves
first upstream and then downstream.

Nobari -and Duncan developed the finite element procedure
which may be used to calculatermovements and stress changes in
.dams during reservoir fillingT’taking int§ account the effects
of softening of the shell material due to wetting, as well és
the effect of water loads. Contours of the calculated horizontal
movemeﬁtS' are shown 1in Fig.2.5. The movements are in  the
dowﬁstream dire;tion thrdughout most of the dam, with exceptionv
of the toe of - the upstream slope. Contours of the calculatéd
verticél settlements are shownAin Fig.2.6.AThrogghout most of
the embankment the calculated settlements due td reservoir
filling were between zero and 0.5 ft. At the upstream toe of the

dam and at the downstream edge of the crest, the calculations

11



indicétedfa'small.amount of heave. Within~the‘dpstréam shell the

"‘_sé;t;ements are dominated by compfession'of'shell material due

to. wetting"and_,the_rtendeACy, for éxpéhSionm of shell as -the

effective stresses 'are réduced by submergence.. These two"

counteracting. effects result in settlement which is largest near-

midheight of ‘the 'dam;' In addition, it may be noted that the.

downward movement of material within .most of -the upstream shell:- -

resulté in. a displacement of material in'the‘upstream directionii:

and a small amount of heave near the upstream toe.

The moveménté_of‘the core calculated in this procedure are

“shown in Fig.2.7. The undeflected position of the core before -

reservoir filling is represented by vertical line and subsegquent

horizontal movements are indicated to the left and right.

Mejia, Seed and Lysmer (1982) presented a description of

finite element techniques for the dynamic response analysis of
earth and rockfill dams in three dimensions. The method has been
used to compute the dynamic response ‘of Oroville dam for
Oroville earthquake in August.1975 and to evaluate the dynamic
materiél propérties of the dam. Eight node isoparametric brick
elements with three degrees of freedom éer node are used in the
model of the actual embankment. It is assumed that the walls of
'the. canyon are rigid. and therefore all points in these
bouﬁdaries move in phase and with the same displacement
ampiitudes._The validity of this assumption depends on (1) the
relative stiffness of the material coﬁprising the canyon walls
and the dam, (2) the geometry of'the canyon, (3) the size of the
dam and (4) the frequency range‘of the motion being applied to
the canyon. The corresponding 3D finite element model is -shown

in Fig.2.8. This model of half the dam has 591 elements, 543

12



free nodal points and 8 section in the cross valley direction.
The avérage':ratio _of shear modulua to shear strength for
cohesive soil has been used to evaluate the low strain moduli of
‘the co:e-matérial.'The computed amplification functions at tha
"midpoint of the crest of tﬁe dam for the selected shell of the
function Qf strain level and relative density, ZKomax, Vvalues afe
shown in Fig.2.9. Thaae ampiification functions give, for the
spectrum bf. frequancies of harmonic,'excitation, 'the ratio
between tha amplitude of absolute acceleration -at the crest
midpoint and the amplitude of acceleration at the rigid
bbunaaries of the modai. A simpler comparisbn between computed
and recorded fesponse of the.dam can be made in terms of the
acceleration response spectra for the c;est notions, shown in
fig.2.10._

| Considering that ﬁhe natural period of the dam and ‘the
response at the crest for the levels of strain induced by the
Oroville earthqﬁake computed. with a Kjpp.=170 offer the best
match to the corresponding .recorded parameters, it can be
concluded that this'va;ue Of Komax is representative of'the ih—
situ dynaﬁic properties of the Oroville shell material. The
reasonable agreement betweenAboth this value and the laboratory
measured 'valués -would seem to indicate the potential

applicability of the method for use in design studies.

2.3.2. Analysis of Duncan Dam

Eisenstein, Krishnayya and Morgenstern (1972) analysed the‘
history of cracking sequence at Duncan dam in Canada with finite
element procedure which: taking into account of _incremental

loading, non linear - stress-strain relations and three
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"_dimensionality. Dunﬁéni'dam%j built in_A1964—1967"on the Duné?%@f
1River in British Colqﬁﬁia,>Canada,‘is én éarthfill aamiof‘abdut
 36 m'height andl762§ﬁ_iéﬁgth_§ith an‘ﬁpstream Sloping co:é. The

aam has beéﬁfbuilt;acroés,a &élley underlain by.buriéd caﬁyon;

aboﬁt 378 m deep which is filléd with sedimentnghe stratigraphy

'of. the féundation  is,.ratﬁer -irregﬁlér >with :the, ﬁpper layer.

possessing considerable compressibility. A typical.cross section

ATt

of the dam and loﬁgitudinal~éection are shown iﬁ Fig;Z.Iii
. The designérs of the. dam gnticipated"large amount of
séttlement‘ahd designed the 'dam to acéommodate these; Whilé the
pred;cted and observed settlements égreed in their magnitudes
the observed distribution pattern>differed from the predicted
one. fhe maximum settleﬁent which was -expécted beneath the
middie of the dam finélly appeared to be close to the left
abutment. This nonuniformity exaggerated the differeﬁfia;
movements and as a- result transverse crécké appeared in aﬁ area
located ‘at the upstreaﬁ side of the dam close to the left
“abutment. All the cracks did not all appear simultanéously and
at the same level 6f fiiling.»_The cracking sequence is
illustrated in Fig.2.12. |
The dam has been anaiysed by a 3-D finite element progrém
using> hexahedral iséparametric elements with 8 nodes. The
analysis has been performed incrementally and foliows the actual
sequence of filling. The eiastic parameters;hgﬁe been aerived
from  stress-strain relationship obtained from triaxial
compressibn tests on the core and shell méterials. The curves
were introduced directly_into:the computer point by poiqt and
the tangent material stiffness pérameters.were interpolated from

them according to the particular level of deviator and minor
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principal stres#es.vThe volumetric stfain data were trﬁnCated to
preciude any dilatancy.

- The resulﬁs of the area computed to be in tension agreed
well with the position of the cracks observed on the aam. The
rééults from incremental analysis were consistent with both
locaﬁion of 'the cracks and theif propagation during
construction. Hence it éan' be inferred that finifé element
anal&sis égn provide substantial information about étress and
deformation and regarding the lbcation and,extent of’ﬁracks in

earth dams.

2.3.3. Anél&;is of Mica Dam
Eisenstein and Simmoné (1975)  investigated the
copstruction settlements and stresses of Mica dam in British
Columbia,'Canada by three dimensional finite element analyses;
The 243 m high'earfhfill structure in a skewed and steep valley
'has beén egtensively instrumented and observations’ aré.:taken
regularly. The dam’s axis is slightly curved ‘upstream to add

arching action as a measure against cracking.

A 3-D finite.element program FENA3D was used in this stqdy
using éight noded ~ispparametric hexahedral elements and has
optiohs for.vlinear- as well as non linear ~stress-strain,
relationship for incremental analysis. The mesh consisted of 254
élements and‘276 nodes and the'number of lifts taken were five
with the first lif£ modelling the rive; overbufden excavation
and the remaining fouf liffs‘ representing each of the four

vconstfuction seasons (1969-1972)7.
As the study was comparative in nature, following types of

analyses were performed:
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- qu—dimehsional'Lineer Analysisl

“'The mesh beiween.Stat22+5Q~and 25+50.wae‘isoletéd in plaﬁe

; f'stfain bY"fiiing rall. nodes on: or between ‘these sections:

against cross-valley ‘movement. Five Llifts were used to

simulate filling and linear elastic parameters -represented

' the seven differenﬁ,materialé‘in the.embahkment.
- Three-dimensional Linear Analysis : o : o : e

The full mesh was used, assuming -rigid boundaries and

embankment filling in five lifts, with the same»ulinear‘
elastic parameter as in 2-D analysis.

Three-dimensional Linear Analysis with Bedrock Movements
Excavation of river burden material for the coreé Atrench

caused bedrock to hesve upward. a maximum of about 15 cm. The

“heaved zone when subsequently loaded by the fill experienced

settlements larger than elsewhere. The measured vertical
movements ‘(heave or settlement) - were ﬁsed as known
displacements at appropriate boundary .nodes. Since the
bedrock  movements were related to the weight of £fill, the
boundary displecemeﬁts wefe applied incrementally with
corresponding lifts of the dam:

Three-dimensional Multi-linear Analysis

-Using the non linear approach, the deformation moduli -of

individual elements .were allowed to change with the stress

level reached after each 1lift. This'analysis also included

the bedrock movemenfs.

The computed displacements of Mica dam showed good

agreement with field measurement. The plane strain settlements

-.were for most poiﬁts somewhat larger than the corresponding 3-D

results, the maximum difference amounting to less than 20%.
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However, since the difference was- not constant within the
p;ofile investigated = it could be due to the coarse mesh.
Horizontal movements were ﬁery_ small and no - meaningful
comparison could be mgdé with the coﬁputed values. Of a
considerable importance were the horizontal ‘displacements
‘computed by.the 3-D analysis for the main transverse section
22+50° which was also the plane strain section used in 2-D
~analysis. The results, shown in Fi§l2.13, indicate thét the
ma#imum longitudinai ‘displacemént..ﬁas 4 cm as opposed to a
maximum vertical displacement (within the same section) of 82
cm. On average, there Qas about an order of magnitudé difference
“between the two directions of displacement. The 3-D and Z;D
plane strain stresses for thev}nain' transverse section in 'the
zpned'dam wére very similaf indicatihg that cross valley afching
did not play an important role in the stress transfer.

In order to separate the éffects of non-homogeneity of the
zoned profile and of the arching across the narrow valley, a 3-D
analysis of aﬁ.equivalént homogeneous: embankment was performed.
For this type of analysis a modulus value was soﬁght which would
yield overall displacement results matching approximately' the
‘oVérall field behaviour. The major 'principai stress "along"a
vertical in the core is shown in Fig.2.14 for different
_énalysés, It is seen that for the homogeneous dam, there is a
stress fransfer of .about 30% from the core portion to the. shell
portion, whiie for the zoned dam the sfress transfer is of the
order of about 70% near the base. At higher elevations where the
geomef;ic effects would be minimal, the stress transfer was
éénstant at about 10% and 40% respectively for the homogeneous

and zoned embankment.
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: The-studyﬂconciﬁded that thé 3—b finiteiélement analysis-n';
.‘déspite thé coafseneSs of thé,meéh:has sucéeésfplly-reprdduced;j
.vaépects of the fiéL&‘behgvioﬁﬁ'of'Micé dam.ngmparisoﬁlof 3-D-
ana' 2-D analyéis 'inAicated .that evén with ;" structure‘fso
markedly 3-D és Mica. dam the main trané;ersev section can be
studied'using the'plane strain mbdel without a significaqt loss
of accuraéy. Ihus‘iﬁcreased detail and the¢SQphisticé£ion“0f :
stress-strain responée whiéh,'can_'be' incorpoiated into 2-D°
analyses appear to be more réwarding than efforts speht"on*jéD“
'modeliing; Also[ the geed for”é—D analyéis féméins whenAstudying
the cracking potential of a dam. Such potential ‘usually ‘is
highest near abutments where‘a.Z—D analysis can shed no light at
all. Considerable but thoughtful simplification of materiél
behaviour can be madé and still produce adequate informatibn for

design and monitoring purposes.

2.3.4. Analysis of Chicoasen Dam

Mérsal and Moreno (1979)‘report§d of the changing of thé
dam'design due to analyse of the stress-strain computation with
finite element method at Chicoasen dam, Mexico._Chicoasén damjis
an eaith andV;ockfill»embankment, 210 m high over river bed with
maximum height over the bed rock oﬁ'264 m.

The first stressfdeformatign studies were made for the
original design of the dam, which had an inclined, central
impervious core (éase 1), as shown. on Fig.Z;lS. The finite
element-method was‘used'and non lineér elastic analyses Qere
confined to the case of planen;train. Therefore, two main cross

sections were considered, (1) the maximum cross section of the

dam, in a plane parallel to the river and (2) the transverse
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cross ‘'section along the dam. axis; Results disélosed a strong
-4arching_inauced by thé walls of.the canyon and also significant
interactionvﬁetween the compacted zonés of the shells and the
éore. Ihe Vconsequence: of Dboth effédtsl wa§ .é substantial
reduction in tﬁe vertical stresses,‘ At this stage of Vthe
studies,-the.lower'gorge of thé-éanyon was not>included in the-
analysis.'Furthermore, these studies suggested 3;D»analyses, to
take into account the influence of the céhyon walls "and the
agceptabie alluvial materials left in the ;ivér, oﬁ the
distribution of the sfresses inside the embankment.

The 3—b finite elément analysis was undertaken assuming
linear elastic behaviour of the embankment__materials, The
mechéhical characteristic and zoning of the cross section were
developed ihA five la&ers (case 2), shown on Fig.2.16. The
Aénalysis shéwed that the verticél stresses within_thg,core are
greatér than‘thé adjacent pervious zones, particularly in the
l&we; third 6f the embapkment, andlﬁhey Sﬁbstantially decreése
towards the abutments. The maximum values of o, are about .25
. kg)cnﬁ which are of the same order of magnitude as the hydraulic
head.

- Based on those results, it was proposed to change the
zoning materials within the embankments as illustrated by
Fig.2.17 (case 3). Two zones of dumped ro;kfill adjacent to the
transition matgrials were included and, in addition, a strip 4 m
wide of soft glayey soil was provided along the abutments.

Results for case 3 simildr to those previously commented (case
2). Total vertical stresses (o,) reached to values up to 30

kg/cm2 near the bottom of the canyon, or about 1.5 times the
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Afhydraﬁlic head at that elevatibn;ﬂﬂowévef, o, values  close £o
the banks“?re smaller than "the COrresponding water~pressure,f

'thus">disqlosing. zones- @f - poténtial': fraéturing; this is”
particularly critical on the_IEft'abutment'and also a principal.
stress ratio in the upper central zone of core was equal to 3 or

'gréater( which implies that the clayey material may be subject

to large deformaﬁions;.x

o

Additional'domputati§n$ wé;e médeifor a>CurVed émbankméné
(;adius of crest eqﬁal to 800 'm); Comparison of the' stréss"”
states deveiopediin thisrcaée witﬁ those of the straightfé;ést
structure did not reveal any significant. influence Aof the
curvature, except on 'the upper 30 to 40 m of the dam. The
analyéis was repeated considéring a non Iinear elastiéAbéhavioﬁr
of the embankment materials. The distribution of total‘stresses
within the dam was similar to that giVeh by linear elastic
analysis. Important differences, however, were detected in the
magnitude of the deformations caiculatedi with the two"above
mentioned assumptions (iinearity and non lihearity).

Cn the basis of the stress-strain analyses briefly
described, it was decided to build adjacent to the transition,
two strips 10 rnrwiae, made.of uniform rockfill with nominal
grain sizes comprised between 15‘and 25 cm. The final modifiéd

cross section‘*is shown in Fig.2.18;'

2;3;5. Analysis of Dartméuth Dam

Adikari, anald and Parkin (1982) had  studied. about
Dartmouth dam, a 180 m high rockfill with a central clay core
and well instrumented, .located in vNorth—Eastern» Victoria,

Australia. A non linear finite element analysis simulating its
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construction behaviour was carried out, taking into account the
water load prevailing at the end of cdnstruction.

The finife element mesh to representvthe maximum cross section
of the dam has been formed of four—néde linear iééparamet:ic
quad;ilatgral; The mesh has been built up in 10 equal layers, to
‘simulaﬁe copstfuction in 10_ lifts, énd the nodal points have
been chosen to‘ coincide with instrument locatiqn as far as
pfacticable.' The mesh hés not been continued into foundation as.
;t Qas fognd to be effectively rigid and of no:-significance to
deformation within the dam. At the end of construction the
reservoir water was 60% full and therefore it was necessary to
incorporate 6 steps of incremental reservoir filling into
analysis. The water load acts on the upstream face of the core
and filling is assumed to be rapid.

Agréemént of the result of predicted and measured values
of displaéément' are .generally satisfactory, as shown in
Fig.2’.l9.A The highest s’tress 'occurs in- the. filter zone but_the_
core stresses are lower, the maximum be€ing about 50% of the
| maximum.stréss in the filter zone. The stiffer filter zones have
.resulted in sigﬁificant interaaﬁion effects and a reduction in
vertical stresses in the cofe af all elevations.'The prediction
of construction pore pressure in core has taken into account the
difference in laboratory pore pressuré response of material
placed (betweén elev. +400 and +430) from that of the rest of
the core matérial. Negative pore pressﬁre were recorded at that
location since November 1977 until positive rééding.,were
obtained in March 1979, and have remained poéitive»but_pnlx a

few metres head. “The behaviour of the material ét'this‘location
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indicates thét the load transferlcculd.have been a significant
céntributofy cause forvnegative pféssures.

'Some,differencé'between measured and predicted behaviour -
would appear to be uhavoidable. Possible sources,§f error ﬁay‘bei'-
found in the approximations in forming the constitutive law, the
use> ofv triagial data ”in  a plane strain prqbiem' and in the * -
inadequate representation of real variations in material ¥
'brbperties,~including anisotropyidue-to rolliﬁg and variatiénsg“

in placement moisture content.

2.3.6. Analysis of Tehri Dam

Singh, Gupta and Saini (1985) have presented a 3-D finite
element analysis of the Tehri dam to study the effect of
préviding curvature to the a#is under different loading
condition, viz. end of construction stage and reservoir full
condition stgge. Tehri dam is 260.5 m high earth and rockfill
dam with a central moderatély inclined core with upstreaﬁ and'
downstream transition zohes. The gqrge at the dam site is narrow
with slopes'at 1.1H:1V7 Iﬁ the study, the construction in 6ne
lift is assumed and full reservoir load is also applied in one
stage. Thé Vailey shape is assumed to be V-shaped and the linear
matetial behaviour-was used for the analysis with the straight-
and cﬁrved-axis-(radius equal to.800 m) . The computer program
used 20 noded isoparametric brick element. |

The water load has beeq accounted for as below:

1. Watér load on core |
2. Buoyancy effect in the shell

3. Additional weight of core zone due to saturation
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The results show that there is no significant change in
the stresses aﬁd displacements in the dam straight and curved
axis fof both loading combinatioﬁs. It is observed that at the
vértical normal compressivé stresses got reduced in most part_of
_ upStréam shell and increased in downstream shell for reservoir

full conditien. The horizontal stresseé at end of construction
éet reduced all over“theAsectiQn with the filling of reservoir.
Thé cross valley horizontal stfesses in the reservoir filling
_condition are reduced in the.upstream shell but in the core the
sfresses are increased. All over theAupstream face of the core,
the stresses are 1less than the -reservoir water pressure
indicating potential for hydraulic fracturing. The minor
principal stress for the reservoir full over the central‘sectién
.and longitudinal section across the  valley have shoﬁn that even
though the cross sectién of the dam does hot appeér in any
'appreciéble tension; there is a large tensile-zone in the shell
extending from one abutment to another. To predict cracking,
therefore, a 3-D 'analYSis is necessary as crack can. not be
prédicted by 2-D analysis and to study the indication of the
occurrence of hydraulic fracturing in the dam. | o |
Paﬁl,D{K. (2002) has studied about the seismic safety of
‘the Tehri dam. The dam was later tested for various levels of‘
shaking as per different earthquake stréng' motions that were
evolved by experts progressively in dué uconsideration to- all
possible worst case sceﬁarios in Himalayan environs. He
presented a test to_ a Maximuﬁ' Credibie Earthqﬁake (MCE)
p;oducing Peak Ground Acceleration (PGA) 0.5g ét the dam site

which includes a sequential non linear static analysis using the
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Mohr—Couiombinaterial modei‘for'tne fookfili and.tne.clay core
matefials.' | |

| Two seotionﬂcofreaoonding to (i)>Sectionfi,
- . Section—2 ha&ing naximum downstneam-

maximum core height "and (ii)

slope but short upstream slope have been taken for analysis, as
The - sectlons clearly show that dam is very

shown in Flg 2.20.

much restrained by the’ hllls and therefore for analysis, the‘A

which has ﬁheii;'

o -

effectlve helght of the dam is SLgnlflcantly reduced 2D flnlté

.element plain strain‘ idealisation mapped with eight nodded

isoparametric?is used for the analysis. The nodes at the base of
the dam are assumed to be fixed. The water pressure atifull
reservoir condition is'taken.as~edge load on the U/S portion of
the clay core.

| Since both the same damv and

sections are part of the

should be vibrating with the same frequencies. The earthquake
response is evaluated considering the same fundamental frequency
for the two_éections. Table 2.1 gives the maximum horizontal/

vertical accelerations and displacements at the dam crest.

Figure 2.21 shows the contours of plastic strain at the end of
earthquake. It is observed that the plastic strains occur mainly
near U/S and D/S slope of the dam.

Tab.2.1. Summary of Maximum Earthquake Response under MCE Condition

Response Parameters Section-1 Section-2

Max. horz. Acceleration at-dam crest 1.136g 0.978g

‘Max. vert. Acceleration at dam crest 0.703g 0.434g

Max. horz. Displ. at dam crest (cm) 40.25 36.69

Max. vert. Displ. at dam crest (cm) 25.87 14.78

Max. plastic strain 0.08 0.08
Quantitatively, the dam is found to undergo plastic

deformations mostly near the U/S and D/S slopes, which are taken
care of Dby providing a sumptuous riprap composed of blasted

rock. The top portion of the £fill dam is being built with the
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same material to with stand severe accelerations. Under MCE, the
dam could have limifed local damage, would not, by itself could
be termed as failure as it could be restored as special repairs

and remedial actions as is the international practise.

2.3.7. Analysis of Dabaklamm Dam

Schober and - Hupfauf (1991) have studied about the
behaviour of embankment dams in narrow valley with Dabaklamm dam
in Austria as a study case. An effOrt'is therefore made to use
an approximation to determine the 3-D effects using finite
element method. The Dabakiamm dam is a central core dam with 220
m height,-asAshown_in Fig.2.22. The foundation of shell zone on
- the upstream side rests on the compressible overburden‘ of
fluvial sediments. The 1.5 fatio of crest length to dam height
indicates a narrow valley situation. The behavior in narrow
valley 1is dependent on severél -inflﬁential factors, whereby
valley shape-f%tands in the foreground_j Fﬁrthermore, the
deformability and shear resistance of the fili material, the
zoning of ﬁhe dam section, the roughness of the valley flanks
~and ﬁhe bearing behaviouf of the foundation_are of considerable
sighificance;f

Using' a physical model of barite sand, both‘ deformation
and stress conditions were measured during and after filling..
Fig.2.23 shows 'seve:al results for a flank friction angle of
37°. The points at which stresses were méasu;ed are also marked
on the FE—net on Fig.2.23(a). Fig.2.24 shows a comparisonvof the
vertical and. horizontal  stresses measured in the model with
calculated values for varies of the flanks. Fig.2.25 shows the

amount of settlement which was measured at 4 different levels as
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 Acompared to the Calcuiated values. Thé investigation of the main

"-cross‘sectibhvof the dam was shown in Fig.2.25.. As expééted, the .. =

compressibility of the overburden has great influence in' dead

weight load case. Movement toward the upstream side occur which -

also extend to the downstream side through the upper third core

(Figf2;25(cy), Particularly in the core, this led to zones of -

" greater material utilization (Fig.2.25(b5)i Another result which,:

deserves particular mention is that the compressible overbﬁrden&

affects the rise in vértical stresses in the upstream half of
thejcofe as a fesult'of saddling (Fig.2.25(a)).
In summary;'the folldwing conélusions can be drawn 6n the
basis of the test result: |
e The parametric studies which were carried ‘out showea that
even extremé assumptions have only minor influence on th;
bearing behavior in the 3D case. This stablé behavior is a
result of fhefdominaﬁﬁ influence of the geometrical marginal
conditiéns such as'valley shape and type of dam, as well as
‘the undhanged parameters such as water>pressure, unit weights

and shear resistance.

e The contact areas between the earth core and the valley
flanks should be as.rcugh as possible. This would mean that
disadvantageous displacement along the valley flanks could
largelyvbe.avoided aﬂd that ﬁhe core would not be isolated in
its behavior from these of'flanking dam shells.

e To increase the leyel of stress in the lower half of fhe'dam,

the flanks should have as concave a shape as possible. .
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2.3.8. Analysis of éququet Canyon Dam
.'ohmachi:(199l) has-develcped a'simélified method for éﬁe
3D dynamic analysis éf elastic dams wiﬁh homogeneous sections inl
which a prismatic finite element is used to discretize a dam in
the iongitudinal direction. The meﬁhod can account for any dam
éonfiguration subjected.'to motions in the upstream—downstréam
directi&n. The Bouquet Canyon dam in US was investigated by this
rﬁéthod to calculate the restraining effects of canyon wall. The
dém is appioximately 60 m high, 363 m-loné,along the crest. Both
thé upstream and downstream surfaées have a slope of 3:1. The
majority of the dam consists of a compacted fill of sandy clay.
Fig.2;26 shows a profile along the'dam‘axis, togetherAWith
the finite element model. Resonance curves at the statioh B are
_éhéwn in Fig.2.27. The brokén line shows the observation and
othefs show computed results based.oh the assumption of three
- types of shear modulus distribution. Note that the observed
resonance peak are.jin' good agreement with the computed one
resulting from the model whose shear modulus increase as 2/3
power of depth. Mode shapes along the crest are shown in
Fig.2.28. The simulated-resultéﬂaf; in good agreement with the
observed. The first ‘and second numbers in the parentheses in the
figure represent the node number along the vertical and
.hori;ontal axes, respectively. For instance,»the mode (1,2) is
the first mode along the depth, and the second mode along the
crest ‘length. Thus, many modes having a similar vertical mode
shape exist within a ﬁa‘rrow rénge of frequency. It concluded
that variatiqn of dynamic diéplacement resulting from the canyon

restraint gives rise to shear strain. The strain may be
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"~ influential in earthqdake_stability bf'the impeivious-céte of a

- dam built in a narrow canyon.’

2.3.9. énaiysis of;Yeguaé ﬁam

| Justo, et.al. (2000)'obsé£Ved the settleﬁent of Yéguas aém;.‘
'in France for duriﬁg and aftéx const:uctibn‘ with 3D vfinitegf
.élemen£ iﬁ FORTRAN language.'Yéguas dam héé a height of 87 m ;nd

a central earth core, the main cross section of the dam i's shown - °

in'Fig.2.29 with five main zones.
- The mesh of .the daﬁ_'was dividing by” 10 zones ‘of
-homogeneousA ‘material with hexahedron’ elements, shown in
'Fig.2.3Q. The result bf.calculéﬁion ié shown ;n Fig.2;31 for end
of constructioﬁ. And for the reservoir filling, they used Nobari
and Duncan (1972) principles t§ accommodate the algorithmAin the
model, laws for the decrease of the modﬁlus with time have‘been
es£ablished. The result of calculation was shown in Fig.2.32. It
is note_that.the observed setflement are in good agreement with

the computed'one;

2.3.10. Analysis of Tahamara Dam

Inoue, et.al.(éOOO) studied the mechanism of long. term
sgttlement of rockfill dam after reservoir filling with the
_Tahamara dam in Japan as a sample case. Tahamara dam is a zoned
rockfill dam with a central earth core With height of 116 m and
a'ﬁrest length of 570 m, shdwn in Fig.2.33(a). The following
five causes were assumed for post constrﬁction long ‘terﬁ‘
settlement of the dam:
1. Settlement due to consolidation during the period between

completion of embankment and start of reservoir filling. In the

28



period between the completion. and. the start of reservoir
filling, no additiohal loads are applied and only the
dissipat;on-of pobe water pressure developed in the core duringh
embaﬁkment construction continues.

2. Settleﬁent due to secondary consolidation. Even after the
dissipation of pore water pressure, lbng term 'secoﬁdary
consolidétion occurs under a constant embankment load.

3. Settlement dﬁe to reservoir loading. Reservoir load acts on
the dam body after reservoir filling. They aré'applied on the
upstream face of thé core zoﬁe during initial filling.

4. Settlemeﬁt~ due ﬁo infiltration du;ing reéervoir filling.
Saturation of unsaturated soil generally leads to ﬁhe loss of
surface tension at qontacts between soil particles due to water
-entry into pores_agd to the movement of soii»pérticles due to
decfease of shear resistance between particle contacts.

5. Settlement -due to substantial drawdown of»reservoir level.
Each time reservoir level is 1lowered substantially, the
settlement is increased. In other words, substantial drawdown.of
reservoir level causes unrecoverable settlement. in an area in
the core zanevkhereAthe water lé&el lowers.

Of the above five causes above, i through 3 weré modeled
by numerical analysis. For 4, iﬁfiltration settlement of the
actual dam body was ﬁalculated based on the results of existing
laboratory infiltration tests. For'S,'quantification was carried
out from the results of cyclic drained shear tests of -core
materials based on the mechanism assumed  ffom analysis .of
measured behavior. Numerical analysis of causes 1 through 3 was
made using planeAstfain finite element method. As a-constitutive

rule of embankment material, an elasto-viscoplastic model was
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adoétedﬁ:‘Thé.,modeI gsed for the _analyéis 'is_ shq@n " in
Fig.2.33éb); a# each step of égnstructibn an additional éiement
bﬁgs;iﬁcorporated. Durihg réser?oir filling, watet pressure'was51
applied to the upstréam face of the cdré zone, as.a distributediﬂa
load.
§h§Wn in Fig.2.34 are 'the results of Célcuiétion by .

'elasto—visgoplastié coupled analysis of settlement in tﬁeicéref"
dﬁring tﬁe,period between the completion of embankment éﬂd thééf7‘
start of reservoir filling and demdnstrating fair agreémeﬂt to
the acfual measurement. Fig.2.35 shows the result of calculétibn
of the settlement dueAto_secondary consolidation in the pefiod
between. the sta#t . of reservoir filling and December 1995.
Fig.2.36 shows a distribution of vertical displacement in the
core when a distributed load equivalent to such water preésure
was applied‘on the upstream of the core; Since reservoir loading
acts mainly downstréam, displacement of the core is

predominantly in the horizontal direction. Fig.2.37 _shoWs the

. .results of settlement due to infiltration. Infiltration

compression concentrated at high levels in_the core zone. This
was because the effect of post embankment consolidation .is
reduced by the decrease of the density due to compacti§n atvthis
lével and also with the reduction of loading. Fig.2.38 shows the
result of settlement due to change in reservoir level. They are
based only on the settlements obtained by aﬁalysis of several
elements in the viginity of a Crossarm. Since the volumetric
strain was in‘ proportional té_.the exponent Of, shear stress
ratio, settlement concentrated at high.levels in the core.
Fig.2.39 compéres a combined total of differential

settlement obtained for different causes from 1 to 5 and actual
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measurement. As . a result of = calculation, differential
compressionvwas largest at top, medium and bottom levels in the
‘core, . egreeing~to the aceual-meaeurement. Fig.2.40 provides a
coﬁpar;son between the measured settlement and analytical
 cumulative settlement, the combined total of differential
 settlement. The curve of distribution of cumulative settlement
has several infiection points. It was suggested fhat the
mechanism of long term settlemeﬁt after the start of reservoir
filling} is eot simple and that settlement is a product of
complex combination of factors including material properties,..
. construction condition and post construction loading condition.

Fig.2.41 shows»percentages of causes of crest level settlement.

fervthe Tahamara dam, the causes are ranked in the descending
order from - dissipation of pore-  water pressure_ito secondary
consolidation, infiltration settlement, drawdqwn of reservoir

level and reservoir filling loading.

2.4. SUMMARY

The following summary can be drawn from the literature review

described in this chapter:

1. For problem involving complex material -properties and
boundary conditions, the engineer resorts to numerical
methods that provide approximate, but acceptable, solutions.
Finite element method was one of the best tools in this aréa
which is the approech shares_many of featuree common to the
previous numerical approximations and it poesessi"certain
characperistic thet-take advantage of the special facilities

offered by the high speed computers.
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The “literatures show that’ finite ' e‘lremehnt method _coﬁld “be

used to evaluate the ﬁefﬁect of incremental construction as

compared with .single step loading -on the stresses and_""'

deformations- developed. in ' embankments. Seven stages of

construction could be sufficient to analyse the incremental"

embankment construction. Thé horizontal displacement _wer‘e“ )

seen to be quit similar -in .both cases but the vex“tical"‘"h“’

displécement in siﬁgl_e i‘j.ft was seen to be largest jét the =
top while in seven-lifts ‘wasrseen at the mid height bf ‘the
dam. |

Non linear hyperbdlic stress strain model by Kondner and
developed later by Kulhawy, Duncan an'd Chang was 'widely used

to be a constitutive model in analysing the stresses and

‘deformations in dams.
The movements observed during reservoir filling were first

- in upstream direction and later in downstream direction.

These complex movements may be understood as the combined
effect of two: '&:oﬁnteracting effects of reservoir filling;
(1) the water lba&s on thé dam and (2) the»softening and
weakening of the £fill material due.- to wetting.

2D analysis provides »an accurate representation of condirtion
in centrally lécated transverse sections of lox;lg dams of
uniform. cross sections. However, 2D analysis may not provide

a suitable representatibn of the transverse section for dam

'in steep valleys, because of cross valley stress transfer.

Thus 3D analysis could be needed to 'e'\ialuate stresses and

deformation in steep valley.

In 3-D analysis, the effect of inclined core, the arching of

the dam and the effect of material properties on the dam
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situated in narrow valley could take into account to
evaluateAthe dams’ behaviour.

In reservoir filling study, the saturatién of unsaturated
soil generally leads to the loss of surface tension at
contact between soi;_ particles due to water entry into
cores. The stiffer filter zones héve resuited in significant
interaction effects to distribute the stresses thus

eliminate the zones of potential fracturing.'
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Fig.2.1. Displacement due to Dead Weight in Standard Dam

Fig.2.2. Displacements in

() Lineat elistic (k) (5) -G modal, (£=3)
~ Tegenid & 3 layers
Qo &

Fig.2.3(a). Rigid Shoulder Study — Effect of Number of Layers on

Settlement
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(a) Linear ‘slastic:

Fig.2.3(b). 'Rigid Shoulder Stﬁdy - Effect of £, 6 Layers

Analyses

entre Line

Fig.2.4.

Effects of Reservéif‘Fiiiing on a Zoned Dam
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Fig.2.7. Calculated Horizontal Movements at
Reservoir Filling, Oroville dam

391 Elemaents:

I A S 2 A O L A 2

Fig;2.8f 3D FE Model of Oroville dam

3

Stages

of
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Fig.2.1l1l(a) Typical Cross Section of Duncan dam
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Fig.2.11(b) Longitudinal Section of Duncan dam and Foundation
showing Construction Sequence and Location of Cracks
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Analysis)
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Fig.2.15. First Modification of Chicoasen dam,
Central Impervious Core
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Fig.2.16. Zoning of Material and Mechanical Characteristic, 3-D

analysis, Case 2

igh

Fig.2.17fafr16n§itudlnai Max. Cross

Section, Case 3
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Fig.2.17(b) Transverse Cross Section aloﬁé Dam Axis, Case 3

Fig.2.18. Modified Max. Cross Section of the Chicoasen dam
. Upstream cofferdam - B. Downstream cofferdam
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Fig.2.21. Contours of Plastic Strain at End of Earthquake for
the Two Section
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Fig.2.22. Dabaklamm Dam
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Fig.2.24(b). Compariéon of Settlement
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Fig.2.25. Calculation of Dead Weight

a. oy Isolines b. Material Utilization Fac. Isolines
c. Horz. Displ. Isolines d. Vector of Deformation
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Fig.2.26. FE Model of Bouquet Canyon Dam
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Fig.2.27. Resonance Curves at Station B of Bouquet Canyon Dam
" 1 - Frequency (Hz) 3 - Observed
2 - Displacement Amplitude 4 - Computed

46



O

o lsTarin A t L
, AT A AT s ciTATION. 2,23 My
) - A
— ot—— }
(a) L =8|
- ‘
Lok £1i2)-MODE ’ BV ’
.4
. 4.
£/ \
Y )
© /-
) o - L%
A L)
v N\
c L s\, D EXN
) L A

. S -
EXCITATION % _,¢"
263 H

of Yeguas Dam

Fig.2.29. Main Cross Section
: 4 - Conglomerate Transition
5 - Slate Rockfill

1 - Clay Core
2 - Filter
3 -~ Drain



)

Fig.2.30. FE Mesh

(a) Cross Section Showing the 10 Zones of Homogeneous Properties
{b) Left half Section

] E “40 D 0 w 60 80
h(m). e t(m) 3
* |@is o

— T .

& - .

L

® it
Hi(m): h(m)

Fig.2.31. Comparison of Settlement at End of Construction
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Fig.2.33(b). Dam Body Model Used for Analysis

1 - Cuter Shell 4 - Fine Filter
2 - Inner Shell 5 - Coarse Filter
3 - Core 6 — Foundation Rock
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Fig.2.38. Results of calculation of settlement due to change in
reservoir filling

1 - Elevation (m) ' 6 — Minimum calculated value

2 - Cumulative drawdown in 1°° to 10 phases 7 - Maximum calculated value

3 - Actual measurement . . 8 - Incremental diff. compression
4 - Range of calculated value

5 - Incremental compression due to reservoir level drawdown
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Fig.2.39. Comparison between calculated and measured

differential settlement
1 - Elevation (m)} ’
2 - From Oct,1981 to Dec,1995
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Fig.2.40. Comparison between calculated and measured cumulatiye
settlement

1 - Elevation {(m) 6 — Upper limit

2 - From Oct,1981 to Dec, 1995 7 — Calculation

3 - Lower limit : 8 - Cumulative settlement: @ actual measurement
4 - Measurement 0 calculated value

5 - Mean value 9 -

Cumulative settlement (mm)
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CHAPTER 3
METHOD OF ANALYSIS

The finife elemenf method was introduced to the
geotechnical engineering when Clough and Woodward (1967)
demonstrated its usefulness for analysis of stresses and
‘movements in earth dams. Geotechnical engineers had long been
aware of the limited usefulness of linear eléstic anaiysis of
soil and rock masses, and it was immediaﬁely apparent that the
‘ability to analyses nonlinear behaviour gave the finite element
method great potential for use in geotechnical engineering
problems. The method has other unique capabilities as yell;
these include the fact that it can be used for problem involving

nonhomogeneous - materials, complex boundary _conditions,

sequéntial loading and so on.

3.1. DESCRIPTION OF THE METHOD

The analysis of the structures by the finite = element
method is én idealization of an actual elastic continuum as an
assemblage of discrete element interconnected at their nodal
points (Singh, 1991).

The various steps followed in a finite element analysis
are:

(1) Subdivision of the continuum into finite element of
suitable configuration

(ii) Evaluation of element properties

(iii) Assembly of element properties to obtain the global

stiffness matrix and load vector
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(iv) Solﬁtion of”resul;ing liﬁéér!éimuitahéoué éngtion for thé-
-prima;yfunknowns after3ihtr6duc%ﬁg‘thé boundary.conditions L
(v} Determination‘ of secqndary.junkhowﬁ quantities- suchv_ésﬂ
stressesland strain -
3.1.1. Dispiacement Functién
An' 8 noded isoparametrié_*fiﬁite element is shown in
Fig.3.1l. For a typiqai finite elemehﬁ e’, defined by nodes iﬁl

j, m etc, the displacement'{f} within the element are expressggn;

as: |
(£} = [N] {8} R (3.1)

where [N] = [Ni Nj Na - . . .]

and (8} = ‘{8;-53- S . . . )T R (3.2)

The components of [N] are in general functions of position and
{30}° represents a listing of  nodal displacements for a
particular element.

For the three dimensional element

{f} =

L 9«
=
w

represent the displacement in X, y and z directions at a point

‘'within the element and

Uy

{6,} = {v, [ (3.4)

1

are the corresponding displacements of node 1i.
[N:] is'equal‘to [IN;’] where Ni’ is the shape function of node i

and I is an identity matrix.
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3.1.2. Shape'Functions

The shape functions for an .8 noded isoparametfic
hexahedral elemeﬁt used in this study are given by the
following.
At corner nodes (nodes nos. 1,2,3,4,5,6,7,8)

N, = g-@;+-§5X1 + ML + &) C e (329)

& =21, =+1,4, = %1

& = ¢ ,
where 7, = 77, e (3.6)

So = 66,

.ég,ni,gi are the local coordinates of.the ite nodeland &, ¢
are the local coordinates of the point concerned. | -
3.1.3. Strains

With displacement -known at all points wifhin the element,
the -stréins- at ény~ point can be determined. 'six strain
components are relevant in three dimensional analyses and the

strain vector can be expressed as:

[ du ]
ox -
'q 3 a_v-
g, gz
_Je | _] ez
{8}‘7;'XYL'<_63+_61$ ...... (3.7)
iy oy 0x
" ov oW
U’zxd. aZ ay
o, ou
Ox - 0z

this can be further written as:

{e} = [BYsy = [B. B, B, ...Jo e (3.8)
in whiéh [B] is the strain displacement matrix.
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[B;] is .given by

ML o,
ox. -
0 N, 0.
By -
.| 0 0o aaNi ,
o : z | .
hi]:e on, ow | | | 'f"43'9)
oy ox
0 ON, .ON;
0z oy
ON 0 ON;
9z . - 0xX _

with other sub matrices obtained in. a similar manner simply by
interchanges of subscripts.

For isoparametric elements

x=>N'x ,y=2Ny ,z=N'z

, _ , S S (3.10)
u=ZNiui,y=ZNivi,z= "Ny w;
the summation being oVer total number of nodes in an element.

Because the displacement model is formulated in terms of

the natural ‘coordinates &,m and §, it 1is necessary to relate

Eq. (3.9) to the derivatives with respect to thgse local
coordinates.

The natural coordinétes é,n'and € are fupctibns of global
coordinates x, V., zZ. USing- the chain rule of partial

differentiation, we can write:

ON

1

o, ox | ov, oy o, oz
8§ 0x 86 By & 0z &

Performing the same differentiation with respect to the other

.two coordinates and writing in matrix form
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o, | (an; )
05 ox
T 3 (3.12)
on oy
BN ON;
L 9¢ ) [ 0z |

where [J] is given by

[ox oy oz
05 95 05
ox

Oy

J=|— = = : L e 3.13
[] o7 on o7 | | - (3.13)
ox 0Oy 0z

¢ o o

The matrix [J] is called the Jacobian matrix. The global

derivatives can be found by inverting [J] as follows:

ra\ '_a-w

% %

O e A 3.14
'3y [7] P ( )
9 o

Yord og ) .

Substituting Eq. (3.10) into Eqg. (3.13), the Jacobian is given by

[ aN, oN, aN,
2x o= Dy} "ZZ; al\;:

> X, >y N, >z aaN; ...... (3.15a)

in.aNi v, ON; Yz, ON;

gl

[oN, oN, ON,  oN, T, "
g O O %k v, z
or [J] = o, N, N, N, Xy Vi Zg | eeeens (3.15b)

on ©on On on
ON, 6N, ON, """ ON,
o o8¢ oc oc [Xn Ya Zn]
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3.1.4. Stresses

The stresses are related to the strains as:

.{a}-=.f[:>]({;;}_{;o})+.{_¢0‘}. o 316

vwhéré [D] ié an elastitity‘.matrix- contéiniﬁg the appropriate:

material<prOperties,_{gq} is thélinitiéL‘strain vector, {o} is.

tl;;'e ‘stress véctor {6x, Oy, Oy, rtxy, Oyzs Oyz} " and {coj.gl,is thef"

initial stress vector. | | 7
.Fér aﬁ'elastic, isotropib material the elasticity matrix’

is given by:

—

|

C
o o o o
o O O o

B E 1 -2
S Q+y -2 2

13] (3.17)

0
d-2)
L 2

where'E is the Young;s mbduius of elasticity and v the Poisson’s
ratio of the material oflthe elément. |
3.%.5. Stiffness Matrix

The stiffness matrix of the element is given by the
following relation
{F}® = [K]® {&}° e (3.18)
where {F}e'is the element nodal load vectof and [K]e, the element

stiffness matrix given by:

K = [[B]'bIB] av e (3.19)

v .
where V. refers to the volume of the element..

The equivalent nodal forces are obtained as:
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(i) Forces due to body forces {b, b, b,}T per unit volume are

given by:

F), = [IN] {o} av e (3.20a)

v
(1i) Forxrces due to pressure distribution {px Dy p.}" per unit

érea are given by:
e}, = [In] {o} an . (3.20b)
’ v

For ﬁhe complete stiucture, relation of the form given
‘Eelow is obtained
(K] (8} = (F} ‘ C e(3.21)
where {8} is the vector of global displacement, {F} the load
vector and {K] the stiffness matrix.

The global étiffness matrix [K] is obtained by directly
adding the individual stiffness coefficients in the global
stiffness matrix. Similarly- the global load vector for the
system is also obtained by adding individual element loads at
" the appropriéte locations in the global vector.

The mathematical statement of the assembly procedure is:

[K] = z:=1 [K]e
[Fl = X5, &

where E is the total number of elements.

To transform the variable and the region with respect to
which the integration is made, the relationship
dx dy dz = det [J] df dn d§ is used

Writing explicitly

1
[detfd] d¢ an a¢ .. (3.23)
-14

'jdx dy dz = ]:]
-1 -1
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A 2x2x2 integration' has Been used for the three 'dimensional

analysis. Similar relationshigé can be derived for 2-D-parabolic

isoparametric elements:

3.2. NON LINEAR ANALYSIS o , C -

a)

c)

Nonlinear structural behavior arises from a number of

causes, which can be grouped'into theseJprincipal ¢ategories:

Chénging»Status‘(IncludingAContaét)

Many. common structural féétures eXhiBit; nonlinear behavidr
that is statué—dependent& Fof example, a ténsion—only cabie
is either slack or taut;_ a roller Vsuﬁport i$ either in
Eontact or not in céntact. Status changes might be directly
related to load (as in the case of the cable), or they might
be determined by some éxternal cause. |

Situations in which contact occurs are common to many

different nonlinear applications. Contact forms a distinctive

"and important subset to the category of changing-status

nonlinearities.

Geometrié Noﬁlinearities

If a structure expe;iences,large deformations, its éhanging
geometric configuration can cause the structpre to respond
nonlinearly. Geometric nonlinearity is characterized by.large

displacements and/or rotations.

vMaterial Nonlinearities -

- Nonlinear stress-strain relationships are a common cause of

nonlinear structural behavior. Many factors can influence a -
material's stress-strain properties{'including load history

(as in elastoplastic response), environmental conditions
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(such as temperature), and the amoqnt of time that a load is
applied'(és ;n creep response).
The natﬁre of-soils and rocks, héﬁever, is highly cqmplex
and requires different considerations fromithe materials used iﬁ
structures. Deformation behavior of soils is influenced. by a
number of factors, such as the physical Structures, por§sity,
»>dénsity, stresé history or loading characteristic. These factors
render the stress deformation behavior highly ;omplex and non
linear.
Since the matrix [ﬁ].containing‘E and v depends upon>the
stresses and thus displacements, it follows that matrix [K] is a
function of ({8} and (F}, as {8} depends upon {E}. [K],

therefore, can be presented by
(Kl = [K ({8}, {F})]1 o (3.24)

The Symbolic non linear felationship between {F} and {8} is
showndin'Fig.3.2(a). Figure 3.2(b) shows the non linear stress-
"strain curve corresponding to the load {Fi.énd diéplacements. It
ris:on the basis of this stress-strain or constitutive law tﬁat
the variable matrix {D({8})] for the non lliﬁear analysis is
_détermined.

3.2.1. Techniques For Incérporating Nonlinegrity

The solution of non linear préblem by the finite'eiement
.method . is ﬁsually attempted by one of three basic téchnique viz.
(a) incremental or step wise procedures (b) iterative or Newton
methods and (05 step-iterative ar mixed procedures.
3.2;1.1. incrementai Procedures
| thhe»basis of the increﬁental or step wise procedure is thé

subdivision of the 1load into many small partial loads or
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incgements. stually ‘these ;OadA increments are @f equal,
magnitude, but in general they need not be equal. The load is
abplied one incremen£ a£ avfime“énd~during the application ofﬁﬁ'v
each increment the equation i$>aésumed‘to be linear. A fixed
value of [K] is thus assumed tﬁfoUéhout each load increment but’
V[K]“téke different values duriﬁé'differeﬁt incfements.,

The solution for each step of loading is obtained as an™

increment of the displacemeht {AS}; which is added up - to give%‘<_f3@

the .total displacement at any -sﬁage of the loading, and the
incremental process is repeated until the total load has been

reached.

Essentially, the incremental procedure approximates the
non linear problem as a series of linear problems, that is, the
nonlinearityAis treated as piécewise linear.

‘The total load {F} is given by
M
F} = F}+ ), AR} L (3.25)
where {Fo}'is the initial load Vectdr and M is the total number

of increments and {AF;} is the incremental load vector in the i

increment. Hence after the application of the i*" increment, the

load is given by

i ' . :
)= F)+ D, B (3.26)
Similarly after the ith iteration, the displacement is given by

) =16+ >, wsr L . (3.27)

where {dy} represents initial displacement.
Usually {Fo} and {8} are null vectors because the solution is
started from the undeformed state of the body. However, any

initial equilibrium state of {Fy} and {8} can be specified.
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To compute the increment of displacements, a fixed,valué
of stiffness is used which is evaluated at the end of the
" previous increment. Therefore,

[Kia] {AS:} = (AFy} for i=1,2,3,...M .. .(3.28)
where the subscripts refer to the inciemental stage and [Ko] 1is
"the initial wvalue of . the stiffness. [Ko] 1s computed from
material constaﬁt derived from the givep stress-strain curves at
the start.of the loading. |

The incfemental procedure ‘is schematically indicated in

Fig.3.3. Usually, in the incremental procedufe the 'tangént
moduli (E.) are uséd to formulate [D{c}] and to compute the
" stiffness [K]. The matrix [Kj -is often referred to as the
tangént stiffness matrix.

The accuracy of the -incremental procedure éan be improved
by. taking smallér increments of the load, say by adopting hélf
of the loaq inc;ement.- However, since a new incremental
stiffness- matrix [K;-1l mﬁst be computed for each step, the
accufacy, it is evident, is purchased at the cost of additional
computational effort.
3.2.1.2. Iterative Procedures

The iterative procedure involves a sequence  of
calculations in which the structure is fully loaded  in each
iteration. Because some approximate, constant value"of the
stiffness is used in each step, the eéuilibrium is not
necessarily satisfied. After each iteration, the portion of the
total load that is notAbalgnced is caiculated and used in the
next | step to compute an additional increment of- “the

displacements. The process is repeated until equilibrium is
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‘ éppréximated to ~some acceptatléA aegreé:-'Essentially, the - ™
titérativéi ptocedure consisté.iof ‘sucdégtive._ctrrectibnéiito a -
sélutibn‘until‘equiliﬁrium unde:rthe léadl{F}‘istatisfied:

. For thé iCh cycle‘of iteratioh pftcéss;vthe nécéséary load;
is detgfminedvby ‘ | .
(R = (F) - (Fera) . a(3.29)
where {Fe,i1} is the ioéd equilibratéd;after thé-previoqs step%m
An increment to the displacement is computed during the“im'stepf
by’ﬁsing the relation. :
[Kiea] (A8} = {Fy) - (3.30)
where the subscript, i, denoteé‘a cycle of iteration. The total

th jteration is ‘computed using the

»displacement after the i
relationship of Eg.(3.27).

Finally; {Fe,i} ﬁis calculated as the ldad nedessary to
maintain the displacement {Si}. The procédure is repeated until
the-incremént;_df displacement or the unbalanced forces become
zero[ that' is, (A8;} or ({F;} become null according to some -
4 ,préseletted criterion.

-'Instead.vof computing a different stiffness for each
iteration{ a modified iterative techniqueAis also employed which
utilizes only the initiai stiffness ([Kg¢]. Obviously, the
modified procedure necessitates a greater number.of iterations.
However, there is a subétantial Sating of computation because it
is not necessaryito invert a néw stiffness at each cycle. The
iterativewprqcedures are illtstrated schematicaliy in Fig.3.4.
3.2.1.3. Mixed Pfodedures

The step = iteration or | mixed | procedure. utilizes a

‘combination bf the incremental’and iterative schemes. In this
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meﬁhod, the load is applied incrementally, but after each
increment successive iterations are performed. This method
vields higher -accuracy at the price of more computational
efforts. The scheﬁe of procedure is illustrated‘in Fig.3.5.
Because the mixed method combines the advantages of both
the incremental and iterative procedurés and tends to minimize
the disadvantage of each, étep iteratidn is being wutilized
increasingly. The additional computational effort is justified
by the facﬁ that the iter;tive part of the procedure permits one
to assess the quglity of the approximate equilibriunl at each
stage.
| Another version of the mixed‘method known as the procedure
of successive approximation which is schematically represented
in Fi§.3.6. The problem is analysed repeatédly adjusting the
_modﬁlus values assigned to each element each time, until the
calculated values of stress and straiﬁ are ;onsistent with the
desire non linéar relationship. Since at each iteration a new
value of [K] has to be-calculated and the number of iterations
_méy be, in some cases large, the numbers of the iterations are

. specified not to exceed a given number.

3.3. SEQUENTIAL CONSTRUCTION

Engineering structures are 'usually conéfructed in a
'definite sequence of operations. A conventional linear analysis
of such structures 1is performed by assuming that the entire
construction takes élace in a single operations. The stresses
and deformation are computed by copsidering loads on completed
structures. However, for the non linear problem typicaliin soil

ahd foundation engineering, the behavior at a particular stage
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of loading is ’dependeht ﬁpoh:>ﬁhe 'state of stress and stréss_

history. Thus the ‘streSSés-‘iq. the final -configuration"are

dependent upon the‘seqﬁence'of'intermediate configurations and . -

'loadiﬁ§~(Desai and Abel; 1987);>Mos£ gmbankmehts afé constructed

in layers by incremental process and the load is accumulated’

gradually during construction which invalidates the  assumption’

of instantaneous application- of the.entire gravity load in one

.stage.-For realistic analyses 6f‘b§th“étresses:and movements iﬁ
complex conditions, thé éequence_analysis_prOVides a rafion;i
prééeduie of considerable éngineering value.

In the sequentiéi anaiysis, the>structure is first divided
into horizontal slices, knoWﬁ as lifté br'layers cofresponding
>t§‘the construction scheme. The analysis is then carried out in
succession for stressés‘ and dispiacements cofresponding to
different stages of construction. Thué, first of all; the
analysis is carried out for the first 1lift for its own. load,
i.e. the structure is supposed fo comprise one lift oniy and the
'stiffness is formulated for the elements of this. 1ift only.
These stresses and deformation are stored, and the second lift
is added to the'structu;e. Now the structure is supposed to be
made up of two léyérs and stiffness is generated for the
elemeﬁts of fhése two layers but the. gravity fo;ces considered
aie due to the dead weight of the second layer énly,'whereas the
first léyer is considered weightless. The. vstrgsses . and
deformations due to this incremental load are caiculated for the
_whole strucfure and are added up to the_previously stored value.
This process is repeated till the analysis is complete for the

whole structure.
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3.4. CdNSTITUTIVE LAWS

AIt has been repeatedly shown that the most influential
factor in the finite element analysis of embankment dams is the
modelling of the stress-strain behaviour of the "fill by an
appropriate-constitutive law. However, in spite of the diveréity
of the stress-strain relationsﬂip .being used, reasonable
agreement has usually béen found when the results of finite
elémént analyses (typically movements) have been compared with
field observations. This is not surpriéing bearing in mind the
fact that most of the analyses were done after the field
. measufement hadlbeen made. N

The most widely used function for simulation-of stress-
strain curves in finite element analysis waé formulated by
Duncan and Chang (1970) using Kondner’s (1963) finaing that the
plots of stress v/é strain in a triaxial compression test 1is
very nearly é hyperbola. The procedure uses Mohr Coulomb failure
criterion and develops relationships for the tangent modulus and
Poisson’s ratio which may be expressed in terms of total or
effective stresses.

Kondner'’s approximated thé{ équations .of stress-strain

curves for both clays and sands by the following hyperbolic

relation:
o, -0y = — ' | . (3.31)
a+ beg,
where o = major principal stress
Gy = minor principal stress;
g, = major principal strain; and,
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a,b = constants,whosé'ﬁalueé ére'deteiﬁined‘by‘fitting
experimental dataf:

: It'is shown at Figi3;7;‘that_:"

1 o
a = —- T (3.32)
E,; K
and
,1 |
b= +rrreoor L (3.33)
S ,(0'1 - °'3)ULT
‘where
E; = initial tangent modulus
(61~03) yur = the asymptotic wvalue of ~the_-priﬁ¢ipal stress

difference at infinite strain
Assuming o3 constant, the tangent modulus E; is given by

‘; oo, - o) ; a
de,  (a + bg)

B,

where Eq.(3.31) has been substituted for the principal stress

difference. Using Eq.(3.31), & can be eliminated from Eqg. (3.34)

to give
E, = i-[l - blo, - &,)f | ceerre (3.35)

‘Duncan and Chang noted that each of the constant a and b
should be dependent on the minor principal (confining) effective
stress o;. More precisely, they suggested that E; vary in the

following mannerf

. n

' 1 o .

E, =~ =K- Pm(——“-J ...... (3.36)
a Patm '

where K ='a dimensionless modulus number

P.em = the atmospheric pressure
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N = a dimensionless modulus exponent which deter-mines
the rate of variation of E; with o3

Duncan and Chang further suggested that

(0'1‘ - 0,), =VR,5(0'1 - 0w e (3.37)
RE = a failure ratio
(01—03hm? = the asymptotic wvalue bf‘ the principal stress
A»difference
‘(Gr'03)f = thé principal stress difference at failure

The principal stress difference at failure is related to
the minor principal (confining) stress. through the Mohf—Coulomb

failure criterion:

2(c - cos ¢ + o, sin d)

(6, - 0,), = T —sing (3.38)
where c = the cohesion intercept
() =Ithe frigtion angle
It follows that:
b = 1 R ____Rll-sing) (3.39)
(6, - Ua)um (o, - 0-3)f 2c cos g + oy sin ¢)

Substituting Eq. (3.36) and (3.39) into Eq. (3.35) gives

. 2. n
E, = [1 _ R - sing)o, 03)] K Pam(Pa3 ) e (3.40)

2(c - cos ¢ + o, sin g)

atm
Based on the results of a number of loading-unloading-reloading
tests on - sands, Duncan and Chang proposéd the following

relationship for the variation of the initial elastic modulus:

n
0.
E, = KurPam( 3J ...... (3.41)
Pn
where E,, = the loading-reloading modulus

the corresponding modulus number

i

Kur
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‘ Thﬁs, fof historiés'ih?oivingi;gédiﬁéfiunioadin§ $nd rg;;oadiné,: 
-‘ﬁhe samé value (&u)aof tﬁé'elastic'qodulﬁs ié'used - adm;ttedlyf ?x“
a:simplifi;ation ofzthe-éc£p;l stéte df afféiis;'ln Dunéan én&
Chané;s papef the second elastic coﬁstéht, Poiésoh;s ratio, was
éssﬁmed to be coﬁstant.' This _assumption_ waS>>subsequently"”
: modified(by KulhawyﬂgndiDﬁnCaﬁ; o ': ; | o - ‘45"
| Whi;e'maintaining‘the ;aﬁe’ékpreséions»for E;,.Et:and.Eu.as‘ %
hpféééntéd by Duncan and Chang, Kulhaﬁy and - Duncan (i972) ;
~pr6posed éhe following relation betWeen the axial strain €, and
the radial strain arg

K-

£, = —02 | i (3.42)
f + dar : : :
where £ = the value of.tangent Poiésén's ratio at zero strain
orAthe initial tangent Poisson’s ratio, v;
d >=.a parameter expressing the rate of change v; with

strain
They found that the value of v; generally decreased with *

increasing confining pressure, o3,  in the form:

. - .
v, = G — E‘log( 3 ] e (3.43)
: T atm ) i
where G = the‘&alue of v; at one atmosphere
F = the rate of change of v; with o3

Utilizing the preceding equation and the basic definition of the

tangent Poisson’s ratio:

O¢,
Pe = oe

a

it can be shown that the resulting expression for the tangent

Poisson’s ratio is:
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G — F log Is
Patm

v, = -y | , :

From Eq.(3.31) it follows that the major principal strain is .

‘given by

— a(o-l - 0'3)
1 - b(-o'i - o)

Assuming that & = €, and using Eq.(3.36) and (3.39) leads to

071 - 03)

T (63 )[1 R0y - ou) - sin ¢)]

2c cos¢ + 20, sin ¢

Equation (3.45), with €, given by Eq.(3;47), is thus ﬁsed to
compute the tangent Poissoﬁ’s ratio.

The modification ‘was made in order to avoid a vserious
"problem.which was obsefved in a number of analyseé; The problem
“occurred for ,fegions where the hconfining pressure ©3; Wwas
sufficiéntly'low té.yieid a low modulus, but not low enough to
yield a high Poisson’s ratio v. The result was that the soil in
these regions experienced large decreases in- volume, it

effectively disappéared. . Thus, conservation of mass was
violaﬁed. To prevent this problem, an alternative expression is
.aVailable for v. It is assumed that the soil possesseé a
constant bulk modulus B; the incremental value of v is then

calculated from the expression:

v, = 0.5(1—?5‘3-) ...... (3.48)

The meaning of the parameters XK, Ky, v, ¢, ¢ and Rf is the -

same as for the other versions of the hyperbolic model. The
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Quantitiésv-Ks éndm‘m  are -used ' to make " the bulk_'modulus-'B a :

function of ‘confining pressure. o;:

whére K, = the diﬁensionless Qbulk modﬁiuS»nﬁmbefk(equaL to.the
‘value of B/Pan at 05 = Pétm):‘ | |
m = thé dimensionless Qbﬁik modulﬁs exponent”‘
Using Eg.(3.49) for the buik modﬁlﬁs, Poissdh's ratio is

‘computed from Eq.(3.48).

3.5. STEPS OF THE ALGORITHM -

Incremental construction analysis as proposed by Clough .

and Woodward (1967) has been modified to analyze the dam ..

behavior for the consfruction stage by Sharma  (1975) and Singh

(1985), whiéh ié used in this.study. For the water loading and

effépt 6f softening thé approach as adbpted~by Nobari and Dﬁncgn

has been adopted. | R |

'Thé vériéﬁs sté§s in the solution algbrithm are:

i; Take first layer

2; Calculate the elastic constant based on the anticipated
values of stress. ©6; = ¥h and-c3 = KyG1, where h is the
average height of>the fill in the layer and a constant value
of O;Svaor KQ, thé coefficient of earth pressure at rest,

has been adopted for all zones of the dam

3. The gravity loads of the new layer only (AF) are

- calculated. These are,added'to the loads of the previous

layer to get the total loads {F'}={Fi"!}+{AF'}
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10.

11.

The stiffness matrix ([K] of the structure upto the end of

current layer is calculated

The incremental_displacements {AS}, the incremental strains
_{Aa} and incremehtal stresses {Ac} are calculated

(A3} = [K]7'{AF')

(Ae} = [B]T(A8}

{Ac} = [D]{As}

The [D] matrix used here 1is calculated according to the

proposed stress-strain model at the existing stress level,

prior to this iteration
The stress-strain matrix is found out at the stress state
obtained by adding the incremental stresses in step‘5 to

those at the beginning of the iteration

. Incremental stresses {Ds} are recalculated with the new

value of“[D]

The total stresses are found out by adding the incremental
stresses of step 7 to the stresses at the beginning of the
iteration

The equilibrium load vector is calculated by

F.} = [Elriomy

v

and residual load vector {y} by

{(y} = {F'} - (Fe}
{AF;} is set equal to {y}, where j is the iteration number

and the superscript refers to the layer number

Calculate the norms of the residual load by the relation

) = () )
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12.

13.

14.

15.

16.

~Convergence factor =

and compare it with the norm of‘total loadeVapplied, find”if

.convergence factor:

-Norﬁ-of'resldnal>loade
Norm of_applied loads

If the ratlo of norm re51dual to that of total applied load

“is w1th1n spec1f1ed tolerance factor, the stresses, stralns,

dlsplacements and pr1nc1pa1 stresses'are'stored and the next

step is. sklpped otherw;se the: next step is’ followed

If the ratlo of norm of residual with the norm of applled

force is not ‘within " the Specified tolerance limit,
convergence ratio is calculated

: ‘ S Conv. factor in the current iteration
Convergenc e ratio =

Conv. factor in the prev. iteration
If the convergence ratio less tnan 1.5 gor to step .4,
otherwise go to step 5
Take next layer, if left and proceed from step 2 if the

analysis is for construction stage.rIf the analysis is to be

done for reservoir filling also go to next step if any stage

is left. Stop if no layer/stage is left

Calculate the additional gravity loads for the elements in

the current layer only leaving the elements in the previous

layer. The additional gravity loads will be upward in case
of -upstream shellr and transition dne to buoyancy and
downward'in'the‘core due to tne saturation of the core
material. These will be no additional gravity load in

elements downstream of core

Calculate the water pressure load on the upstream face of

core for elements upto the end of current layer. For

élements in current layer it will be calculated on the basis
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17.

18.
19.

20.

21.

of water pressure head at the nodes while for elements in

the previously filled stages the water pressure head will be

‘equal to the height of current reservoir rise

Calculate the water load acting on top each layer based on

" the pressure head equal to the height of reservoir rise in

that s;agé

Calculate softening load for elements upstream of core lying
in the current layer only

Add the loads in step 15 to 18 to get {(Fi} for further

calculations

_The stiffness matrices is calculated for the entire load

Go to step 5
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Fig}3.if‘3—D Finite Element Showing Node Numbers

Ym

(a)Load Displacement (b)Stress—-Strain Curve
Fig.3.2. Non Linear Curve
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Incremental Solution
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Fioy / Exact Solution
i / .
o CAd = K'li-l AF-
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Fig.3.3. Basic Incremental Procedure
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(a) Tangent Stiffness Procedure
Fig.3.4. Iterative Procedure
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(b)Modified Procedure
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Fig.3.5. Step Iterative Procedure

&
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Fig.3.6. Mixed Procedure
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Fig.3.7. Hyperbolic Stress-Strain Curve ,
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CHAPTER 4
ABOUT THE PROGRAMMES

4f1; PENTAGON3D
PENTAGON3D finite element anéfQSiS‘ software, which is
developed by Emerald Soft P.E. South_Korean, enables users to
perform the following ﬁasks:
1. Build computer mddels of.geotechni;él structﬁres
. 2. Apply operating loads or other design performance
conditions
3. Study physical responses, such as deformation level and
stress distribgtions
The PENTAGON3D program has a comprehensive Graphical User
Intérface kGUI) that gives users easy, interactive access to
program functions, eommands, documentation, and reference
material. The users use the GUI for virtually all interactive
PENTAGON3D work. The GUI provides an interface between users and
théAPENTAGON3D program, which commands drive interhally. Each
GUI function - a series of picks resulting in an action -
ultimately produces one or more PENTAGdNBD commands that the
program execuﬁes and records on the input history file. BAn
intuitive menu syétem "helps wusers navigate through the
PENTAGON3D program.

The PENTAGON3D program is organized into three basic

levels:
1. PENTMESH
2. PENPRE
3. PENPOST
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The PENTMESH level acts as a gateway 1nto and out of the
VPENTAGONBD program ‘It 1is also used for certaln global program -

".’controls- such. as. bUlld - the mode_l,_ J.nputA and clearlngv the

database, loadlng or stages,"and solve. the FEM data with' the -

main processor, Frontdbx.:When users first enter the program, %

thé'y-.are at- the PENTMESH levei. At the 'PENPRE level, the model

'1nclud1ng data lnput from PENTMESH level are verlfylng.r Thefag
boundary condltlon and the sequence of constructlon could. bef*
easily checked to flnd-out the errors. The PENPOST is the level
- to evaluate uhe results of a solution;.

- The program, which is permitted to Lbe used for limited
vereion only by the developer, 1is feasible‘_to;_cope with 700
elements of 8-noded isvparametric hexahedral and 1500 nodes. The

program has been executed on PC PENTIUM III - 1000 MHz.

4.2. PENTMESH

PENTMESH is the pfeprocese program of PENTAGON3D syatem.
These provide the full'g;abhical user interface uo complete tne
analysis model including the geometry, the material properties,
the- boundary conditions and the constuuction stages etc. The
scfeen on PENIMESH, shows at Fig.4.1, is oategorized with two
groups in tne main menus.' The one group is mainly used to form
and to display the entities in the workspace. Therentities mean
the nodes and the elements. The:elements are .composed with the
quadratic, the<frame,'the‘truss, and the spring element types.
The menus are: (1) Edit Menu (2) Model Menu (3) Mode2 Menu (4)
Delete/Select Menu (5)‘Display Menu (Gf Set Menu (7) MeshGen

Menu (8) Layer Menu and (9) Misc Menu. The other menu group is
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 mainly used to do the works except forming the entities, they
are: (1) File Menu.(2) View Menu (3) FEM Menu and (4)-Help,Menu.
a éhort description about the functions -of the vgrious'
. menus following:
‘1. Edit Menu: The menu for copy and baste the points and the
. élemgnts | |
2. Model Menu: This menu specifies the mouse mode'to a certain
mode (or staté). Once users choose a moae, the mode is effective
‘until another mode is selected. The menu contains: Zoom Mode,
Select Points, Deselect Points,,Relivé Points, Add Points, Move
Points, Select Eiements-(Withiﬁ éox), Deselect Elements, Pan and
Distance between Two Points
3. Mode2 Menu: This menu specifies the elements used on the
model ‘and generate the meshing on the. geometrical plane. The
meﬁu contains: Add Quad3 Elements, Add Quad4 Element, Add Truss2
Elemehts, Add Spring Elements, Add Frame2 Elements,‘Fiﬁd Nodal
Coordinate, Add Points from 2 Points, Add Points from 3 Points,
Add Points from 3 Points Arc, Point LO - Pbint SO0 - Point L1 -
Point S1, Add Quadé6 Elements, Add Quads8 Eieménts énd Moving Line
Node
4. Delete/Select Menu: Thg menu is used to delete the points and
elements, which are selected. The menu contains: Select All
Active Poiﬁts, Select All Active Eleménté, Deselect All Points,
beselecﬁ All Elements, Delete Selected Points and Delete
Selected Eleﬁents.
5. Display Menu: The Display Ménu controls the screen display by
the view scaling and the view translation. With the various menu
lisﬁs, users can choose the preferred view by seleéting the

viewing items, refreshing the window, displaying entire model,
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dlsplaylng the reduced model, dlsnlaylng prev1ous screen ecale?
and translatlng the model The mennwcontalns: Dlsplay Toggle,
Redraw, Redraw All,'Zoom.Outﬁ_frevioue:érew, Vlew Up, Vleu Down,g¥;
Vie;.ﬁeft anddView Right. | e .
6. Set Menu: The Set Menu specifies the various settlngsyfor the
modelllng englronment._ The -menu oontains: Analysis .Rangeﬁ_{"
Coordinate Reaolution, Entiﬁy Toggle} Entity Capacity, Entity %ﬁ
Scale; Entity;Color, Print Offset)Scale,fBackgronnd'Coior,.Savef%
Time'?nterval, Options, Crid Size for Node Nuﬁbering,gand'Set
‘Star Number of Entities for Save Procese. | |

7. MeshGen Menu: In MeshGen Menu, there are sub—menue to create
.the .finite element geometry. Users; can generate elementsA and »
nodeS, mirror rhe mesh, copy the mesh} move the mesh, rotate the
mesh and so on. The menu contains: Generate Quad4, Generate
TruSSZ, Generate Spring, Generate Frame2, Mirror Elements, Add a
Point,. Add (Generate) Points, Copy Points, Move a Point, Move
Points, Move‘Eoints onto a Circle, Rotate Poinfs, ROtate Seg.
No; Change Elemenn Type, Smoothing, ‘Generate Points From
'Background, Undo, Convert to Quad6 Quad8, and Renumber.

8. Layer Menu: In the Layer Menu, the layers are defined for the
3D mesh generation and boundary condition; the construction and-
loading conditions and so on. The number of input layers for
each Layer menu‘vis limited to 300 and thatd of sublayers is
limited to 1500. The layer ia defined for the selected nodes or
elements. The sublayer is created when some nodes or elements
are selected. The menu ‘contains:' Coordinate Layer,b Boundary
Layer, Add Element Layer, Change Element LaYer; Remove Element
Layer, Calc Reéidual Force iayer, Prescribed Disp Layer, Gravity

Force Layer, Surface Force Layer, Point Load LaYer, Residual
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..Force Layer, Prestress Layer, Prescribed Head Layer,‘Review
Bound Layer, Point Flux Layer, Surface Flux Layer and
Tgmp’erature Layer.

9. Misc Menu: In this menu, users can change the materi:al
numbér, boundary..type, degenerate elements or other functiqn
which used to modify <the element model. The menu contains:
Material No,.Mechanical‘Boqndary, ArclLayer, Degenerated Hexa'
Layer, Node Sublayér List, Element Sub;ayer List, -Remove Unusgd
Sublayer Liét, Load Function Eor Time Histo;y Analysis, Ground
Motion Function for G_round Motion Analysis and Current
Coordinate <~-->Slice Coordinate.

10. File Menu: The menu used for clears all the database of
current project from meﬁory, open the file, save the file or
others function which is connected to arranged the file. The
4ménu contains: New, Open, Saye; Save As, Import,,?rint, Print
- Preview, Print Setup and .Exit.

11. View Menu: In the View Menu, users can set the toolbar and
the status bar to be displayed in thé PENTMESH window. And users
can view the model and the result in 3_Di_-;::in PENPRE and PENPOST
respectively. The PENPRE and the PENPOST are executed by
clicking the menu then another window will pop-up. The menu
contains: Toolbar, Status Bar, 3-D. Preview By;PENPRE, 3-D Result
By 'EENPOST, 3-D Preview by PENPRE without recreation FEM Data,
3-D- Result by PENPOST without recreation FEM Data.

12. FEM Menu: This menu used to complete the FEM data such as

”analysis control, material properti s or stages configuration.
' The menu contains: Project ID, Analysis Type, Analysis Control,
»Material Property, Stage Configu-ration, Verify Stage/Layer, Set

Work Space Property, Save FEM data, Analyze by Frontdbx with
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recreation’ FEM Data and' Analyze ‘by Frontdbx without recreation .

FEM Data.

. 421 Slice’ on pEﬁfﬁEsn e
The:reéi'threeJdimenﬁiohgi;éntiﬁiés_(eleménts'and nodes)

are ~dreétéd and specifiéd:;in:ngyer ‘Menu. Thé teal' three-

'dfménsioﬁal.entiﬁiés are degcfibed_and prescribed by combining

‘the two-dimensional eﬁtitiés'wiﬁh the coﬁcepts éf?slices.‘ﬁefe,

the two-dimensional entities are just the ones which view on the

- PENTMESH work space which represents the two dimensional X-Y

plane. And the sliée_ represénts ‘the ‘remaining 2 axis,. after
“creating the multiple X-Y pianes'albng to the minus(-) Z axis
direction Each X-Y plang is called the Slice, the Slice 0 means
the'first X-Y plané ,the largest z coordinate, and the Slice 1
means the second X-Y plane ,£he next lafgeét z coordinate, etc.
The Slices are created in the Layer - Coordinate Layer Menu, in
which the slices are created with assigning the z coordihate at
each slice, as shOWn in Fig.4.2.

In view of the node cbnnection,'theré are three  element
forms in PENTMESH work space, because the element is.combined by
linking the nodes;'They are: (1) Quad4: consist of 4. node’s
linké; Fig.4.3. (2) Quads8: consists of 8 node’s links, Fig.4;4.
and (3); Frame, Truss, Spfing: consists of 2 node’s liﬁk,
Fig.4.5; Therefore, the elements can be created after nodes are
‘created.

4.2.2. Creation of 3D E;eménﬁ:thét Use 2D Entity
f A@dition of three-dimensional element in PENTMESH is
accompliéhed.in 'Layer —-Add‘Eleﬁenf Layer Menu, Fig.4;6. The

necessary two-dimensional ehtity and three-dimensional shape for
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each type of added three-dimensional elements are the following.
The éxampléﬁ below is the bcase for adding 3D eiementS’ in one'lf
' Slite_ from Zb entit&. If sevéﬁal slices are éelecteq, 3D
eleménts are added 1in the each selectea slices. This study
creates 3D B8-node soiid elements using 2D Quad4 element. Select-
~'siiée 3" in 'Applied Slice' column in the prior figure
(Fig.4.6), then 3D 8-node solid elements aré érééted. between
slice 3 and 4, illqstfated on‘Fig.4.7.

4.2.2. Degenerate Elements

This model is used to degeneraté elements due to the shape
of the eleﬁénts on the slope valley of the.abutments. Figure 4.8
shows the various shapes of degenerate elementé by PENTMESﬁ.~In
Figuré 4.8, No.l is a normal Solid (Quad8) element. No.2 to No.5
are»degenerated by each sﬁrface.

Usérs éhould épecify it in "Misc -. Degenerated Hexa Layer"
menu in .advance of degenerated elements, then the dialég box“is
.pép'up (Fig.4.9). Front Slice Surface No. represents of surface
nunber of divided element part, Fig.4.10. Front Slice ﬁo
represents front element slice number of where the degenerate
elements*exists. When the degenerated exist among Add Elementl
; Layer list, ‘Degenerated’ check box should be . checked such as
Fig.4.11. If the degenerated element does not exist in the
‘Applied Slices’, users should not check on the ‘Degenerated’
button, reversely, but if the degenerated elements exist in more
than one 4siicesl among the selected ‘Applied Slices’, users
shouid check on the ‘Degenerated’ button. A this tige, the
dialog box of Fig.4.12 pop up. In this diaiog_box, users should
chooseAthe applied position of added eleméntsf Front position

means the element which is surface contact to front slice. Rear
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position means the element which is in .corner contact to ' 'front

slice.

4.3." PENPRE

"  PENPRE canfbe ﬁseA‘td'bheck the ;néutvdata beféré being
'éﬁal?zed by‘thé'FEAléolQef;.Ffpntdbx; Ey-using PENPRE, various
'vihpﬁ;;inforﬁation4cénnbe ai;played éuéﬁvég the ﬁ§del evolution
'along  cdnsﬁrﬁﬁtion 1stagés,'tthe 'poundary cohditions‘:and the
loadiné éonditions. "The . gréphicé of 'PENPRE is programmed by
OpenGL; the 3D gr;phic library:; théimodel can be rendered with
beéutiful‘color and lighté, and élsb can be put; rotated, and
»évennmirrored simpiy. The sﬁ#een on PENPRE, shows.at Fig.4.13,
 di§pl§ys‘ the fi;st stage of construction. ,Th§ pext‘ step Afor
cheék of the sequence of construcﬁion; users can. select Contfol
- Go to the Specified Stage Menu.to check the stages. Uéers can
check Vthe .element status or material cblor in this 1level
according to :the stage of ”;bnstfudtion. For check of the
bouﬁdary copditions( users can_select Set - Display Entity Menu
to ‘see the‘ type> of bogpdary and the difection, shown oh

Fig.4.14.

4.4. PENPOST

PENPOST is the level in .which ﬁsers- could analysis the
Solﬁtion from the solver Frontdbx. In PENPOST} és uéers open
the inpﬁt file name, the corresponding post-processing result
file (*.pos) is opened automatically. The role of ihput.file for
PENPOST iS'to‘provide the iﬁfdfmétion éuch as the gebmetry,_the.
Avbcundary 'cohdition, the 1loading conditioh énd the save

condition, shown on Fig.4.15. The role of result file (*.pos) is
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to provide PENPGST with the analysis result onlyf'PENPOST can
'display.the FEA resglts in texts, contours and vectors.-Some
itéms afe.disblayed in global coordinate systems and other items
.in;local coordinate system.

| A 'short description about the functions -of the various
"menus following:

1. File Menu: In this menu the FEM déﬁa couid be opened and
saved. The _ﬁ@nﬁ contaiﬁé: Open, Open ‘Environment,. Save
Environment, Save as Environment and Exit.

2. set Menu: Users could set the entity related items and the
gnvirbnmental variables, such as ‘rendering light the object,
select color of element, material or boundaﬁy. The menu
contains: Information, Display Entities, Element Status and Font
Size?

3. Cbnstfaint Ménu: This menu is used to restrict the.coorainate
‘and the entity number for specific purpose. The menﬁ contains:
Display Range and Display Entity. |

4. View Menu: This menu is used for adjusting'the screen menu
fof specific objéct such as zooming, mirror or rotates the
object. The .menu contains: Select View, Set View Parameter,
Redraw, Previous Zoom, Zoom In, Rotate U, V, W axis and Mirror.
4. Control Menu: Users can speqify the staées thét.require to be
checked. The'menu contains: Next Stage, Previous Stage, Go to
Specified Stage; Néxt Time/Mode, Previous Time/Mode, Start.
Animation and-Stop Ani@ation.

5. Function Menu: In this menu users éan view the Eigen valﬁés,
get the results in text format and save the resﬁlt in the text
file. The menu contains: Eigen Value, Graph, Save the Resul;

History and Save Image to File
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,_ 4_."5;:.’-;_‘sTEps IN MAKING THE MODEL o "_ :
o f ',:‘PE"NTAGONIB‘D' 15 ;-._hé' 'prééfam .tha"t uses .-'2D.‘ entities with layer
to ma;é}3D‘énﬁitiésh'rhe'fol;g&ing:sﬁgés aréluéed in'makingithe
—mod;i'aflfhé PENTMESQ level:> | ﬂ

1. Sg;-of,the_Coordiﬁate Range
,2; Input ﬁéaes with Add a ?oint_Menﬁ

3. JGenérate No&eslhith Add.Pqihﬁ Menu
4. fCreaté 2D four nbde quadratic élemehﬁs-
5. ZD node renumbe;ing
é. -Assign the~material number to the 2D eleﬁents

7. Assign the 2D boundary

8. Set of the material properties for each material numbering ' .

iﬁ FEM - Material Property Menu. In this stage the 15
matérial properties. for each material are given in the
'following order: |
AYounq modulus of elasticity,APoisson’s ratio, Unit weight,
'Cohesion; Friction angle, KO0-X, Kb—Y, K0-Z, n(Ei exponent);
.Kb (Bulk number), m (Kb exéonent), Pa (the atmospheric
-péessure), Rf {(Failure ratio), K (thevmodulﬁs number) and
: Kﬁr (the corresponding modulus nﬁmber)

9.- Set of the stage configuration for the construction system
and. the analysis in FEM - Stage Cégfiguration Menu. The
sequence of construction was detailed in this level

10. Set df 3D éoordinate from 2D nodes with Coordinate Layer
Menu. Coordinate Layer Menu used for users in making slice
of a 3D model from 2D modei,

11. Degenerate elements such as described’ at previous

paragraphs.
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- 12,

13.

14.

15.

16.

17.

18.
19.

20.

. Add the 3D elements from 2D elements with Add Element Layer

Menu. Add Element Layer connected with the stage

configuration which is used forrdetermines the sequénce of
element was built accordance to the stages.

Set of the 3D mgchanical boundary condition from 2D nodes
with Boundary Layer Menu. Boundary. Layer . used for
establishes the'boundary type in each node, users should
determine for fixed, free or rotational type in x, vy, z
direction.

Add the body force with G;avity Force Layef. All element

defines in the model should be identified with the gravity

force.

Change the material properties due to wetting conditions

with Chande Element Layer Menu. Users should determine the
wet elements due to reservoir filling and replace the
material properties according to this condition.

Add the surface pressure with Surface Force Layer Menu. In

this stage users should determine the node which is

connected with the water pressure load.

Set of Analysis Control in FEM - Analysis Control Menu. The
program solves the set of.simultaneous linear equation with .
frontal solver method. and the convergence cfiterion was

fixed in this level.

Verify 3D FEM data with PENPRE level

Run solver process, Frontdbx

Check the result at PENPOST level.
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The Dialog Box of Degenerated Hexa

Fig.4.12.

Fle Set Comstrant Vew Control BarView Function Help

@ie| nl dlwin =Blx) o9 alclolef+ alaln alejieh] ol

PENTAGON-3D Ver. 2000

stage -

— SYMBOL —

Cenw

PENTPRE Screen

Fig.4.13.

PENTAGON-3D Ver. 2000

Boundary Condiion Color

PENTPRE Boundary Condition

Fig.4.14.

94



Fle Set View Control BarView Function Hep

Up:
Fig.4.15. PENPOST Screen

B85



CHAPTER 5
RESULTS OF FEM ANALYSIS

5.1. GENERAL

A 100 m high earth and rockfill dam with valley wall
slope of 1H:1V has been taken for the analyses purpose and the
section is shown in Fig.5.1. The dam is considered to be locate
in V-shaped valley with fixed bottom width of 50 m. The dam has
a central core and zones of filter between core and shell. The
slopes of upstream and downstream core faces are 0.5H:1V and
0.4H:1V respectively. The upstream and downstream slopes of the
dam are 1.8H:1V. Free board is kept as 5 m. The dam foundation
is taken to be rigid and as such, the movements at base, in both
horizontal and vertical direction, are taken to be restrained.
The dams usually are situated in irregular shapes of valley and
to reduce the size of the problem, the valley profile has been
assumed symmetrical about the centre line of the wvalley and,
therefore, only a half of the dam has been considered in the

analysis.

5.2. DISCRETIZATION OF DAM SECTION IN MESH

The mesh is idealized as shéwn in Fig.5.2. The dam has
been discretised into 560 numbers of 8 noded brick elements,
each node having 3 degrees of freedom. The mesh consists of 748
nodes, thus having 2244 degrees of freedom. Since the valley is
symmetrical in the z-direction all the nodes on the central
section have been assigned zero movement values in that
direction. To simulate sequential construction, the dam is

assumed to be raised in 7 layers with the height 24 m, 20 m, 18
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m, 14 m, 11 m, 8 m and 5 m respectively and to be filled in 4
stages with height 24 m, 44 m, 76 m and 95 m respectively, shown
in Fig.5.3(c). The numbers of elements in the 7 stages of
construction are 32, 48, 64, 80, 96, 112 énd 128 respectively.
The element numbering has been done from left to right and from

top to bottom layer.

5.3. ANALYSES PERFORMED
Non linear 3-D analysis have been carried out to compare
the effects of dam being constructed in single or several lifts
and also the reservoir filling being accomplished in one or more
stages. The study has been made for the following cases:
1. Case I: Effect of number of lifts for end of construction
stage:
e The dam is completed upto the entire height in one single
1ift
e The dam is completed in seven lifts of stages
2. Case II: Effect of the reservoir filling being done in
different stages. The dam is completed in one lift and the
reservoir is then filled in:
e Single stage, as shown in Fig.5.3(a)
e Four stages, as shown in Fig.5.3(b)
3. Case III: Combined effect of construction stages and
reservoir filling:
e Dam constructed in seven lifts

e Reservoir is filled in four stages, as shown in

Fig.5.:3{c)
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The displacements of u and v in x and y direction and the
normal stresses ox and oy in x and y direction were studied for
various causes along the height and at constant elevations over
the transverse section of the dam. The details regarding maximum
displacements and stresses are highlighted after «critically
examining the results obtained.

The behaviour has been studied at three different cross
sections, Plane 1 to 3 as shown in Fig.5.2(a). The study at
olane 1 enables to analyse the dam at maximum height. The study
at plane 2 and 3 are representative of the behavior on sections
towards the abutment.

The displacements and stresses were studied at five
interfaces henceforth called verticals; one each in upstream and
downstream shell, one each in upstream and downstream interface
of filter and core and one in the centre line of core. Figure
5.2(b) elaborates the interfaces chosen for the study. The
distribution pattern along horizontal planes has been studied at
ground level and at elevations 24 m, 44 m, 62 m, 76 m, 87 m, 95

m and 100 m above ground level.

5.4. MATERIAL PROPERTIES

The properties of the material used in the analysis are
given in Table 5.1. These properties are the same as used by
Szostak-Chrzanowski et.al. (2001) for analysis of West dam,

Diamond Valley Lake Project, US.
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Table 5.1. Material Properties

No Parameters Shell Filter Core

1 Unit Weight vy, kN/m? 20.00 20.54 22.12
2 | Cohesion C, kN/m? - - 60.00
3 | Friction angle ¢, deg 45.00 47.00 38.00
4 | Modulus Number K 500.00 560.00 500.00
5 | Modulus exponent n 0.50 0.48 0.55
6 | Bulk Modulus Num. Kb 300.00 330.00 210.00
7 | Bulk Mod. Exp. m 0.35 0.33 0.40
8 | Failure Ratio 0.70 0.65 0.65
9 | Young Mod. E, kN/m? 50,000.00 | 90,000.00| 42,000.00

5.5. SIGN CONVENTION

The following sign convention has been followed in this
study.

The positive x-direction is from upstream to downstream
along the river, positive y-direction is from downward to upward
along the height of the dam and positive z-direction from the
abutment to the central section along the dam axis as indicated
in Fig.5.4.

The displacements u and v are positive in the positive x
and y directions respectively.

The normal stresses ox in the transverse direction and oy

in the vertical direction are positive if tensile and negative

if compressive.

5.6. RESULTS OF ANALYSIS

In this chapter the stress and displacement contours of
the maximum height dam section for the three cases defined in
Para 5.3 are presented and discussed. The pattern of contours of
the stresses and displacement at other sections and verticals
These are discussed in more detail in

will be similar nature.

the next chapter.
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j.6.1. CASE I

The displacements and stresses by 3-D non linear single
lift and non linear sequential seven stages analysis of the dam
at 'end of construction are presented in this case. Zero
displacement at the base and along the abutments of the dam has
been considered as the boundary condition.

Horizontal Displacements:

The contours of horizontal displacement - u over the
transverse section by 3-D non linear single lift and seven lifts
analysis are shown in Fig.5.5 and 5.6. The variation of the
displacement in each zone is shown in the legend in the figure.
The maximum movement is attained at two locations such as the
face of upstream and downstream shell having magnitudes o:
0.0467 m and 0.0471 m respectively by single 1lift analysis anc
at the mid height of upstream and downstream shell having
magnitude of 0.0462 m and 0.0481 m respectively by seven 1lift:
analysis. The pattern of the distribution of horizonta:
displacement - u observed in the two cases is similar and the
magnitude also does not differ significantly. The movement ii
both cases also similar with in the upstream shell move toward
upstream direction and in the downstream shell move toward
downstream direction.

Vertical Displacements:

The contours of vertical displacement - v over the
transverse section by 3-D non linear single 1lift and seven lifts
analysis are shown in Fig.5.7 and 5.8. The maximum movement is
attained at the top of the dam having a magnitude of 0.2905 m by

single 1lift and at two third of the height of the dam with a
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5.6.2. CASE II

The parameter such as displacements and stresses studied;
by 3-D non linear single lift construction of the dam with one
stage of full .reservoir filling and four stages of reservoir
filling is presented here.

Horizontal Displacements:

The contours of horizontal displacement - u over the
transverse section by 3-D non linear single lift construction of
the dam with one stage of full reservoir filling and four stages
of reservoir filling analysis are shown in Fig.5.13 and 5.14.
The dam is observed to move in downstream direction from the
entire of upstream filter towards downstream shell. The maximum
movement is attained at two locations, 0.0642 m in the upstream
face of the shell move towards upstream direction and 0.0575 m
in the downstream face of the shell move towards downstream
direction for one stage of full reservoir filling analysis and
at the mid height of the face of the upstream shell and the
crest of the face of downstream shell with a magnitude of 0.0522
m move towards upstream direction and 0.0699 m move towards
downstream direction respectively for four stage reservoir
filling analysis.

Vertical Displacements:

The contours of vertical displacement - v over the
transverse section by 3-D non linear single lift construction of
the dam with one stage of full reservoir filling and four stages
of reservoir filling analysis are shown in Fig.5.15 and 5.16.
The maximum settlement is attained at the upstream face of the

shell zones near the abutments having a magnitude of 0.3852 m
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and 0.3767 m for single stage and four stage of full reservoir
filling respectively. This wupper part of the core also
experience considerable settlement (0.28 m) in both cases.
However the downstream shell is not affected.

Horizontal Normal Stress:

The contours of horizontal normal stress (ox) over the
transverse section by 3-D non linear single lift construction of
the dam with one stage of full reservoir fiiling and four stages
of reservoir filling analysis are shown in Fig.5.17 and 5.18.
The maximum horizontal normal stress is attained at the base of
upstream and downstream shell having magnitude of -34.382 t/m2
and -35.327 t/m2 by one stage full and four stages full
reservoir filling respectively. At the base of the core, the
horizontal normal stress is of the order of -25 t/m2 in both
cases and it decreasing with the height. The location of maximum
tension having a magnitude of 2.1 t/m2 to 3.8 t/m2 has been
found at the crest of the dam near the abutments for both cases.
It is seen to spread on upstream and downstream faces of the
dam.

Vertical Normal Stress:

The contours of vertical normal stress (oy) over the
transverse section by 3-D non linear single lift construction of
the dam with one stage of full reservoir filling and four stages
of reservoir filling analysis are shown in Fig.5.19 and 5.20.
The zone of maximum vertical normal stress is attained at the
base of upstream shell and core having a magnitude of -97.134
t/m2 by one stage full reservoir filling and =-89.697 t/m2 by

four stages reservoir filling analysis. The stresses decrease
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with the height reducing to a value about -20 t/m2 near the
crest of the dam. A tensile zone of magnitude around 2.5 t/m2
has been observed in both cases at the crest of upstream and
downstreamvface of the dam. So at the interface of core with

upstream and downstream shell, there is reversal of stress.

5.6.3. CASE III

The results of the analysis for displacements and
stresses by 3-D non linear seven lifts of construction of the
dam with four stages of reservoir filling is presented in this
chapter.

Horizontal Displacements:

The contours of horizontal displacement - u over the
transverse section by 3-D non linear seven lifts construction of
the dam with four stages of reservoir filling is shown in
Fig.5.21. The dam is observed to move in downstream direction
with only lower part of upstream shell tending to move in
upstream direction. The maximum movement for downstream
direction is attained at the mid height of upstream face of the
core having a magnitude of 0.0848 m. The movement in upstream
direction is attained at the one fourth height of the upstream
shell near the face of the dam having magnitude of 0.0478 m.

Vertical Displacements:

The contours of vertical displacement - v over the
transverse section by 3-D non linear seven lifts construction of
the dam with four stages of reservoir filling is shown in
Fig.5.22. The maximum movement is attained at about the mid

height in the core at the upstream and downstream face having a
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magnitude of 0.3112 m. The upstream and downstream shell
experience little settlement.

Horizontal Normal Stress:

The contours of horizontal normal stress (ox) over the
transverse section by 3-D non linear seven lift construction of
the dam with four stages of reservoir filling analysis 1is shown
in Fig.5.23. The maximum horizontal normal stress is attained at
the base of downstream face of the core having magnitude of -
35.304 t/m2. It is observed from the figure that the zone of
compression is concentrated in the base of the dam and the core
portion and also in the downstream shell. It keeps on decreasing
towards the upstream and downstream face of the dam. The zone of
maximum tension occurs at the upstream and downstream face close
to the abutments having a maximum magnitude upto 7.956 t/m2.

Vertical Normal Stress:

The contours of vertical normal stress (oy) over the
transverse section by 3-D non linear seven lifts construction of
the dam with four stages of reservoir filling analysis is shown
in Fig.5.24. The maximum vertical normal stress is attained at
the base of the core and downstream shell zone having a
magnitude of -99.689 t/m2. It 1is seen reducing symmetrically
with increase in elevation. A tensile zone of magnitude upto 2.3
t/m2 has been observed in the whole area of upstream and

downstream face of the dam.
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Fig.5.5. 3-D Horizontal Movement,

End of Construction,

PENTAGON-3D Ver.2000
@Load_stage 1
Sold - X_Displacement
Solid
0047312
0043953
0037236
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PENTAGON-3D Ver.2000
@Load_stage 7
Solid - X_Displacement
Solid
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Fig.5.6. 3-D Horizontal Movement,

Lifts

End of Construction,

Single

Seven
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PENTAGON-3D Ver. 2000
@Load_stage 1
Sohid ' ¥_Displacement
Solid
-0.00028
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Fig.5.7. 3-D Vertical Movement,

End of Construction,

PENTAGON-3D Ver.2000
" @Load_stage 7
Solid * Y_Displacement
Solid
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Fig.5.8. 3-D Vertical Movement,

End of Construction,

Single Lift

Seven Lifts
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_ JON-3D Ver. 2000
@Load_stage 1
Solid - Stress XX
Sohd
1.718979
0.464787
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ig.5.9. 3-D Horizontal Normal Stress,
vingle Lift
PENTAGON-3D Ver. 2000
@Load_stage 7
Solid - Stress_XX
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Fig.5.10. 3-D Horizontal Normal Stress,

Seven Lifts

End of Construction,

End of Construction,
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| PENTAGON-3D Ver.2000

|
f @Load_stage 1

Solid : Stress_YY
Solid

0.742706
22281
-817034
-141123
-200542
-25.9964
-319384
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-49.7645
-55.7066
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Fig.5.11. 3-D Vertical Normal Stress, End of Construction,
Single Lift

PENTAGON-3D Ver.2000

@Load_stage 7

| Solid - Stress_YY

| Solid
9279244
5583075
-1.80926
-9 20160
-16.5939

- 239862
-31.3786

' -38.7709
-46.1632
4535556
609479
-68.3403
-15.7326
831249
-90.5173
-92.0495

[ - SYMBOL —
| Shell Y

{ Up
| -—
| Down X

-— ¢

Fig.5.12. 3-D Vertical Normal Stress, End of Construction, Seven
Lifts

111



PENTAGON-3D Ver. 2000

@Load_stage 9

Solid - X_Displacement
Solid
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Fig.5.13. 3-D Horizontal Movement,
Stage Full Reservoir

PENTAGON-3D Ver.2000
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Fig.5.14. 3-D Horizontal Movement,
Stages Full Reservoir

Full Reservoir Filling, One

Full Reservoir Filling,

Four
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» PENTAGON-3D Ver.2000

@Load_stage 9

Solid Y_Displacement
Solid
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Fig.5.15. 3-D Vertical Movement, Full Reservoir Filling, One
Stage Full Reservoir

PENTAGON-3D Ver 2000
@ULoad_stage 15
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Fig.5.16. 3-D Vertical Movement, Full Reservoir Filling, Four
Stages Full Reservoir
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PENTAGON-3D Ver.2000
@Load_stage 9
Solid - Stress_XX
Solid
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2177430
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Fig.5.17. 3-D Horizontal Normal Stress, Full Reservoir Filling,
One Stage Full Reservoir

PENTAGON-3D Ver.2000
@Load_stage 15
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Solid
3572471
2183181
-0 59539
-337398
-6.15256
-893114
-11.7097
. -14 4883
-17.2668
-20.0454
-228240
. -256026
st -28.3812
-31.1597
-339383
-35.3276
- SYMBOL —
Shell Y
Up
g ——
Down
e

Fig.5.18. 3-D Horizontal Normal Stress, Full Reservoir Filling,
Four Stages Full Reservoir
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| PENTAGON-3D Ver.2000

@Load_stage . 9

Solid - Stress_YY
Solid
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Fig.5.19. 3-D Vertical Normal Stress, Full Reservoir Filling,
One Stage Full Reservoir

PENTAGON-3D Ver.2000
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Fig.5.20. 3-D Vertical Normal Stress, Full Reservoir Filling,
Four Stages Full Reservoir
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PENTAGON-3D Ver.2000
@ Load_stage 15
Solid | X_Displacement
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PENTAGON-3D Ver.2000
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Fig.5.21. 3-D Horizontal Movement, Full Reservoir Filling, Seven
Lifts Construction Four Stages Reservoir Filling

Fig.5.22. 3-D Vertical Movement, Full Reservoir Filling, Seven
Lifts Construction Four Stages Reservoir Filling

116




| PENTAGON-3D Ver.2000

@Load_stage 15
Solid - Stress_XX
Solid
7 956308
6 285665
2944378
-0.39690
-373819
-7.07948
-10.4207
. -13.7620
-17.1033
-20 4445
-23.7859
-271272
-30.4684
-31.8097
-331510
-35.3047
-~ SYMBOL —
Shell Y
Up:
- -
Down
AP

Fig.5.23. 3-D Horizontal Normal Stress, Full Reservoir Filling,
Seven Lifts Construction Four Stages Reservoir Filling
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Fig.5.24. 3-D Vertical Normal Stress, Full Reservoir Filling,
Seven Lifts Construction Four Stages Reservoir Filling
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" CHAPTER 6 -
DISCUSSION OF RESULTS

The contours for displacements and stresses for maximum
height section as obtained by FEM analysis for the three cases
are ‘given in Chapter 5. The results at various sections and’

verticals for the three cases are discussed below.

6.i. DISCUSSION OF RESULTS OF CASE I STUDY
The displacements and stresses in respect of Case I afe,'
discussed over Plane 1, Plane 2 and Plane 3 in followihg
paragraph. | |

6.1.1. Plane 1 (Maximum Height Section)

6.1.1.1. Horizontal Displacements -~ u

- 1.” The contours of.hqrizontal displacéments by single lift and
seﬁen lifts, shown in Fig.5.5 and 5.6 and described in Para
5.6.1., show that the displacemeﬁﬁs are almost symmetrical

- for both upsﬁream and downstream faces of the dam.. The
displacement of this two faces is opposite to each other.

2. Figure 6.1‘showé the variation of horizontal displacement
along the height of Plane 1 for sinéle 1lift and seveh lifts
over five interfaces. The pattein is similar for both
analyses. It is seen from 'the figﬁre’ that the wvalues of
horizontal displacements are maximum at mid height in the
upstream and downstream shells and it is negligible in the
core in both cases.

3. It is,obsefved that the horizontai displacement in the top

>.20 m height does not take place in case of seven lift§ case

unlike the single 1lift case.
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4. The'méXiﬁum'horiéénﬁél aiépiaceﬁengs-valuesffor}éingle lift'
"'and' éevén- iifté'ifgf: fi§§'fdiffé£ept interféceé gre jals9;ﬂf‘
,.ltabulatea‘in;Tab?Gfl; Théfupstréaﬁ aﬁd dansﬁream shel;"ﬁéé"ﬁl
_ ;the higﬁést:vaiue of 4;0l cm fof single 1ift ;nalysisi;ﬁéfi
.‘éround_4.él Ccm féﬁ'seven lift-analysis.-Findinglreveals fhatgl

‘the ﬁagnitudé‘ih §éve§.1ifts case,is‘slightly'highér:thanfs
the magnitude in %ingie'iifts. | N

'6f1;172:' Vertical Displace@ents - v ' - : H?L:

1. 'Figure 5.7 \and ’5{8 ~ shows. the contours of vertical
’displacementAby Single lift.and seven lifts analysis at end
of cdnstruction.- It is seen from the figures‘ that the
:maxiﬁunt displacément is'Afouﬁd. at fhe tQp of the dém Afor

single lift analysis and at the mid height of the dém for
seven lifts analysis.

2; Figure 6.2 shows _the Varigtion of vertical displacement
along the height of Plane 1 for single lift and sevén lifts

~over five inteffaées. It is seen from the figure that the-
magnitude of vertical dispiaceﬁent by single lift analysis
"keeps on increasing upto the top of the dam rwhile the
magnitude in the seven lifts'analySis keeps on increasing up .
to-mid height frdm'the'base of - the dam.and tﬁen dedreasé
towards the crest of the dam.

3. The maxihum Verticél diéplacement (settlement) values for
single. lift’rand seven lifts ahalysis for fivg different
interfacés‘ are also :tabulated in Tab.6.2. It is observéd
that the magnitude of ﬁaximum displacement at all the five

. interfaces for sihgle lift case arebpractically same ranging

between 27.4-28.4 cm on the:top of the dam while for seven
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1..

2.

3.

lifts'analysis‘the highest magnitude of 30.54 cm, is found

at the centre line of core (vertical 3).

~ 6.1.1.3. Horizontal Normal Stress ¥.cx-

The cohtours of horizontal normal stress by single 1lift and
seven lifts at end of cbnstruction>are shown in Fig.5.9 and
°5.10 respecfively. The stress distribution for single liﬁt
analysis "shows ;he maximum' stress at the base under the
sheil zones at- the .interface with core. It ié'seen reducing
towards. shell interfaces and also in thev upwards with
minimﬁm at the <crest whexe it becomes tensile. fhe
distﬁibuﬁion for seven lifts anélysis shows maximum stfesses
at the base of the core reducing with the height. Thus in
this ‘case the core is more stresses. The zone of tenéile
stresses on shell surface has also reduced in this case.

.Figure 6.3 shows the variation of horizontal norﬁal stress
along the height of Plane 1 for single‘lift and seven lifts
over five interfaces. It is seen from the figure that the.
pattern of thg curve of ox by single 1lift analysis is almost
similar with seven lift analyses. The maximum stress for all
the five inéerfaces is fou;a at the base of the dam and it.
decreased towards the top of the dam. Thé-stfesses at the

crest in all five interfaces is found compressive.

The maximum horizontal normal stress for single 1lift and

seven lifts analysis for five different interfaces are
tabulated in Tab.6.3. The maximum values of ox are -31.13

t/m2 and -33.88 t/m2 for single 1lift and seven 1lifts

analyses respectively were found at the base of downstream

face of the core (vertical 4).
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6.1.1.4. Vertical NormalStress -oy

1. The contours of p@rizgﬁféi}nérméijép;éé§ 5y;§ingle lifﬁ‘anai:"'

seven lifts at end of Gonstruction gréf'"s;hm{i.n Fig.5.11 and
i§;12,~:esp¢¢ti§eIYQ- If'ffs‘ §een'.f¥5mﬁfthém figure 'thatgvtﬁé-
>ﬂst;e§séé afe Very‘low at‘théjdaﬁ faées,for both énélysié?
Linééeasésug£aauall§ téﬁéfdélﬁhé iﬁtéfiof'gfv£hé shell de 
" single lif;'analysi§ whiig?fﬁe low*stressés still fdﬁnd‘aég
Ayﬁhe iowér cbe third of thé heiéht éﬁ fhe shell zones fdg
. seven .lifts analysis.

2 ‘Frgm the coﬁtdurS’plot, thegmaxiﬁuﬁTStfesses are obsérvéd at
. the base Sf the dam and ih‘dr-at-the ﬁpstream énd downétream
"face of the core. A tension zone is seen at:the top df the

" dam and éxtending towards upstreaﬁ and downstream faée of
the dam.

3. Figure 6.4 shows the vafiation of vertical normal stress
along the height of Plane 1 for single lift Aﬁd.seven lifts
over five interfaces. It is seen from the figure that the-
pattern of the curve of oy by singlé lift analysis is almost
similar to seven lift‘anéi&ses in £he shell zonés but‘has

"lésser values than seven lifts analeis in the core portion.
Thé maximum stre§s’f§r five interfaces is found at‘the base
of the dam and seen decreaéing.towaids the top of ﬁhe dam.

4. .The maximumvvértical normal stress for single lift and seven
lifts-analysis‘for five différent inteffaceé are tabulated

'in'Tab.6.47 The ma;imﬁm vaiﬁes of oy are -82.44 t/m2 and -
,92.05 t/m2' for .single iiff vand seven lifts analyses
‘ respecti&ely wéreafound,éf thévbasé of downstreém face of

the core (vertical 4).-
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6.1.2. Plane 2 (Makimum Height Section Adjacent tO'Valley

Slbpe)

6.1.2,1. Horizontal Displacements -u

1.

>Figure>6{$ shows the variation of horizontal diSplacement
along fhe~height of Plane 2 for siﬁgle 1ift and seven lifts
over five intérfaces. The pattern is almost similar for both
analyses. It iS'_seen from the figure that the values 6f
horizontal displacements ‘are' ﬁaximuﬁ in‘ the shell and
negligible in the core. The pattern is similar to that in
.Plane 1. |

The maximum horizontal displacements values for single lift
and seven lifts for five different interfaces are tabulated
in Tab.6.5. The upstream and 'downstream. shell has the
highést’ value wi;h 3.77 cm for single lift analysis and
around 4.81Acm.for seven lift analysis. The_magnitﬁde of
seven lifts is higher thén the_magnitude of single lift cése
‘and it is noted that the displacement values on Plane 2 are

slightly reduced from the values of Plane 1.

6.1.2.2. Vertical Displacements - v

1.

Figure 6.6 shows the variation of vertical displacemént
{settlement) along fhe height of Plane 2 for single lift and
seven»lifts over five interfaces. It is seen from the figure
that the~magﬁitude of vertical displacement by single 1lift
analysis_keeps on increasing upto the top of the dam while
the ﬁagnitude in the. seven. lifts apalysis keeps on
incréasing up to 60 m height from the baée of the dam and
then decréase towards the crest of the dam. The pattern is

similar to that obtained fro Plane 1.
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The'maximum'vertiéal‘displébemeﬁt values for single lift and

seven lifts analysis for five  different interfaces are:

‘tabulated in Tab,G;Gf If:is.obsérved'that the magnitudeébf“:Qat

maximum displacement at;fiﬁe interfaces for single lift%is;“;;w

"26.98 cm on the stop;.dff‘the dam while for  seven lifts:

e

ahalysis'the highést maximum mégnitude, 30.17 cm, is‘found¥s=-

- at centre line of core. (vertical 3). It is noted that the =z,

Hvalues onlElane‘Z_ére practically_éame as for Plane 1.
.2.3;A_Horizon£al Noimal;Stress‘—'q¥

Figufe 6{7 shows'fhe vafiation of horizontal normal sfress
“along the height of Plane 2 for singie liff and seﬁen lifts
‘over five interfaces. It is seen from the figufe that the
pattern of the.cutve of ox by single lifﬁranalYSis is almost
similar with'seveﬂ iift anélyses at all the verticals except

in the upstream and d@wnStream face of the core where the

single lift case has shown higher stresses in the middle

- third ‘height than the seven lift ‘analysis. The maximum

stress for éllvthe_five interfaces is found at the base of

the dam reéducing sharply in bottom 20 m height and there

 aftex reducing gradually ﬁq'a small value at the top of the
dam. o

The maximum'hdrizontal singleAlift and seven lifts énalysis
bfdr'five different interfaces are tabulated in Tab.6.7. The
maximum values of ox are —30.65 t/m2 and -33.04vt/m2 were
“found at the vertical centre of the core and thé baSe{of
downstream,face of‘theAcoré (vertical 4) for single liff-and

'seven lifts analyses respectively. It is noted that the
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6.

6.

1

values on Plane 2 are slightly less than the values obtained

for Plane 1.

.2.4. Vertical Nermal-Stress - oy

Figure 6.8 showsa the vatiation of vertical normal stress
aleng the height of Plane 2 for single lift and seven lifts
over five interfaces. It is seen from the figure that the
pattern of the curve of oy by Single lift analysis is almost
similar with seven 1lift analyses in both the'shell zone. It
is also similar at the upstreem and downstream face of the
core. At the vertical through the core the vertical normal‘
stress -in seven lifts analysis is higher than the‘single
lift analysis. The maximum values for five interfaces is
found at the base of the dam which sharply decreased upto 20

m height and thereafter reduced gradually to a small value

at the top of the dam.

. The maximum vertical normal stress for single 1lift and seven

lifts aneiyses for five. different interfaces are tabulated

in Tab.6.8. The maximum values of oy are -81.36 t/m2 and -

89.82 _t/mz for single 1ift and seven lifts analyses

respectively;fThese are found at the base of centre of the

'-core_(vertical 3). It is noted that the values on Plane 2
:are slightly less than the valﬁes'of Plane 1.
3. Plane 3 (A Section in the Middle of Valley Shape)

.3.1. Horizontal Displacements - u

Figure 6.9 shows the variation of horizontal displacement.

along the height of Plane 3 for single lift and seven lifts

-over fiﬁe interfaces. The pattern of displacement for single

lift is similar to seven lifts analysis and also -similar to
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.ithat at Plane“l and~2.fItfisiseen from the figure that the

values of horizontal dlsplacements is maXimum 1n both the

shell zones at the mid helght and is. negllgible in the core.

vThe maximum horizontal diSplacements values for SLngle liftv-
fand seven lifts for five_difﬁerent interfaces are tabulated
'tin Tab.6.9;<‘The'_upstrean }andl downstream' shell' has . the
'fhighestKValue‘of 3.50'cm‘fer sindle;lift'analvsis and'around
5,2.55 cm for seven,lifttanalysis.:Theimagnitude in case 5:.;;;
-eeven'liﬁtslis lessltnanltne magnitude of single lift and it

1is noted that the values -on Plane 3 are substantially less

than those of Plane 1 because of the-reduced height. .

6.1.3.2. Vertical Displacements_— v

1.

2.

Figure A6;10 shows the variation of rvertical displacement
along the height of Plane 3 for single lift and seven lifts
analysis over five interfaces.‘It is seen from the figure
that the vertical displacement by single litt analysis is

maximum at the top starting from zero at the base at all the

~vertical interfaces. In case of seven lifts analysis the

vertical displacement' increasing from the base to the
maximum at the mid height and then reduced to zero at the
top. Thisvpattern was also observed‘in case Plane 1 and 2.

The maximum vertical displacements values for'single lift
and seven lifts analyses for five different interfaces are
tabulated in Iab.G.lO. It is observed ‘that the highest

magnitude of maximum displacement foeringle 1ift is 22.97

cm on the top of the dam while for seven lifts analysis the

'highest maximum magnitude, 17.57 cm, is found at centre line

of core (vertical 3). It is noted that the values on. Plane 3

are reduced at about 57-77% of the-values of Plane 1.
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6.1.3.3. Horizontal Normal Stress - Ox

6.

1.

" Figure 6.11 shows the variation of horizontal normal stress
~along the height of Plane 3 for single lift and seven lifts

over five interfaces. It is seen from the figure that the

~pattern of the curve of ox by single lift analysis is close

to. the tensile zone from the top of the dam down to the mid
height of the abutment and slightly increases towards the

compression zone. In case of seven lifts analysis, the

tensile stress appears at the mid height of the abutment and

increase to the compression stress towards the base of the
abutment. The maximum value of compression stress is
obtained at the base of abutments for all interfaces.

The makimunl horizontal normal stress for single lift and

’

seven lifts analysis for five different interfaces are

tabulated in Tab.6.11. The maximum values of ox are -19.07

-t/m2 and -19.09 t/m2 were found at the centre of the core

‘and the base of downstream face of the core'(vertical 4) for

single 1lift and seven lifts analyses respectively. It is
noted that the values on Plane 3 are reduced about 21-26%

from the values of Plane 1.

3.4. Vertical Normal Stress - Gy-

' Figure 6.12 shows thé variation of vertical normal stress

along the'height of Plane 3 for single lift and seven lifts

over five interfaces. It is seen from the figure that the

stress patterﬂ of oy by single 1lift analysis is increase

towards the base of the abutments while the stress pattern
of seven lift analysis tend to move to the tensile zone ap

about one third height from4the base of the abutments and
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rapidly increase to the céﬁpressithZOne'atﬂthe'base;ofvﬁhe'f

abutments.

" The maximum vertical normal“stréséifof'sihgle:lift and seven

Elifts anéleis fér five:differeﬁf interféces,are’tabulated

" in Tab.6.12. Thejmaximumfvalues‘of oy:arew—72L84 t/m2 -and -

71.84 - t/m2 “for - 'single 'lift “and - seven  lifts analyses

Mrespectively'wereffoﬁnd at the basé of centre of the core’

"~ (vertical 3). Itfis‘noted'that the. values on Plane 3 are

.2.

The

for

6.

.2

2

reduced: about 36-42% from'thefvaers*of,Pianevl.

DISCUSSION OF RESULTS OF CASE II STUDY
displacements and stresses in Plane 1, Plane 2" and Plane 3

Case II are discussed in following paragraphs.

1. Plane 1
.1.1. Horizontal Displacements - u

Figure 5.13 and 5.14 éhows»vthe contours of horizontal

displaéements by single sﬁage and four stages reservoir,
filling respectivély. }t~is'seen'ffom the figure that the
disélacemeﬁt from-the upstream face of the core and small
part of upstream shell ﬁend fo move towards -downstream
-direction while the upstream shell zone tends to move in
upstfeam direction in. both case of reservdir filiing.

.The maximum displacement for one stage full rese;voir
filling is observed at the mid height of‘dOWDstream shell
ione and fér. four  stages the maximum displécement is
obsérVed at ﬁhe topfofldéwnsﬁream shell zone ﬁear the core.
The magnitude‘of-horizbhtai displécement of downstreaﬁ shell

for four stages reservoir filiing is more than one stage

full reservoir analysis.
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6.

Figure 6.13 shows the variation of_horizontal displacement.
élong the height of Plane 1 for one stage and fou; stages of
rese#voir filling over five interfaces. The displacements
are in the downstream direction for four interfaces except

for the upstream shell (vertical 1)} which shows displacement

in the upstream direction. This confirms the trend shown by

the contours. It is seen from the figure that the magnitude

of horizontal displacements for four stages of reservoir

filling is higher than one stage full reservoir filling.

The maximum horizontal displacements values for one stage
and four stages of reservoir £filling for five different

interfaces are tabulated in Tab.6.13. The maximum

displacement in the upstream shell 1is 4.25 cm towards

2

upstream direction at one third height from the base and

'5.39 cm towards downstream direction at vertical 5 at one

third height from the tép for one stage full reservoir
filling. The maximum aisplacement at four stages reseryoir4
fil;ing in the upstream direction iﬁ the upstream shell is
3;86.cm and it is 6.99 cm towards downstream direction in
downstream shell. The location of the maximum displacement

is the same as for one stage f£illing.

1.2. Vertical Displacements — v

Figure 5.15 'ana 5.16 shows_'the contours of vertical
displacement by one stége and four stages reservoir fil;ing
anaiysis with one 1lift cénstruction of thé dam. It is seen
from 'the figures that the maxi@um vertical displacement
(settlement) is found in.thé upstream sheil near the top of

the dam for both cases. The magnitude of one stage full
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reservoir ' is ‘slightly moré ' than. four stages reservoir

C£illing.

-1along the helght of Plane 1 for one stage and four stage of'

”;Figure'7€.14i-shOWS “the ’variatiaﬁ"df* Vertical displaéement :

reserv01r fllllng over flve lnterfaces respectlvely It is

seen from the flgure that one stage reservoir filling has

jhlgher values of settlement‘ than - four stages reservoxr
"filling. The magnltude of vertlcal dlsplacement for both.

cases~keep5‘on 1ncrea51ng from the base to the maximum at

the top\of the dam.

The maximum vertical dispiaeements values for one stage and’

four stages of reservoir filling analysis for five different

- interfaces are'tabulated'in Tab.6.14. It is obserﬁed that -

6.2

the magnitude of maximum displacement at five interfaces for
one stage full reservoir filling is 34.07 cm in the upstream

shell.zone at the top whereas for_four-stages,analysis the

highest.magnitude is 34.75’om, which is also found at the"

upstream shell (verticalli); The entire core at the top in

15 m depth has a settlement at about 30 cm.

.1;3f Horizontal Normal Stress - ox

The contours of horizontal normal- stress byﬁdne;stage and
four‘stages reservoir filling are shown in Fig.5.17 and 5.18
respectiuely..The stress distribution for both. the analyses
is found to he' similar. The . stress distrihution on the
upstream shell is observed to decrease towards the upstream

face of ‘the core and then tends to increase- in the core zone

and thereafter it terds to decrease in downstream shell.
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It is observed from those figures that the maximum value
;occurs in'the base‘of the dam at the ﬁpstreamhand downstream )
féce ofvthe core extending toWaras‘the mid of shell =zone.
‘The tension zone has appeared near the abutﬁent, extending
to some portion of the upstream and downstream face of the
dam. The magnitude. of the tensile stress is found varying
from 2.1 to 3.3 t/mZ.

.Figure 6.15 shows the variation of horizontal normal stress
along the}height-of Plane 1 for one stage and four stages of
‘reservdir filling over five interfaces. It is seen from the
figure that the pattern of the curvé of ck by both anaiyses
is found similar. The sﬁresses with one stage full reservoir
are generally higher than four staées fiiling analysis in
the lower‘half height of the dam and in the upper half the‘
stresses in the two cases are practically same on all
.interfaces except vertical 5 (downs?ream shell) in the

entire heighf of the d#m, where the stresses in the two.
cases are same

At all interfaces except vertical 2.(upstream face of the
core) the reservoir fillfﬁg has increased the stress
developed at the end of éonstruction stage. At verticai 2
the end of construction stress are found to.be reduced due
to reservoir filling.

The maximum horizontal normal stress for one stége and four
stages of reservoir filling anélysis for five different

interfaces are tabulated in Tab.6.15. The maximum values of
ox are -34.38 t/m2 and -35.33 t/m2 for.one stage and four

stages reservoir filling analyses respectively at the base
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“ffﬁof"_danf on downstreaﬁ face ‘of 'thej‘core (vertlcal 4) The

6.

'stresses in the shell zones are less than those in the core

" dam top.

.1.4. Vertical No:mal.sttess - GY::

stages of reserv01r fllllng are shown in Flg 5. 19 and 5 20

"r\'.'

respectlvely. The stress elstrlbutlon for both analyses is’

‘found to be similar. There is an abrupt change in stress

cases upto one third height above the base beyond that there

is regular decreasing trend in rest two third heights -in
" stress. It is seen from the flgure that the stresses ‘are

'very low at the dam faces for both cases of analy51s

However, the maximum compressive stress is at the base under

downstream sheli.
A tension zone has appeared at the top of the dam and it has

extended  towards upstream and downstream faces of the dam in

_both cases.

Figure 6.16 shous the variation of vertieel normal stress
along the height-of'Plene 1 for one stage and fout stages of
reservoir filiing oter five‘interfaoes. It is seen from the
figure that the pattern of the curve of oy by one stage

analysis has‘higher magnitude than four stages'of reservoir

filling at all the interfaces- except the downstream shell

when these are the same in both cases. The maximum for all

et S =131

' These stresses‘reduce with the helght andAare:mlnlmum at the

'The contours of vertlcal normal stress by one stage and four _

' ‘pattern at the interface of upstream»shelliand core in both

the upstream sheli, downstream half of core base and the



five interfaces is foﬁnd at the base of the dam and found
decreasing fowardé the top ‘of the dam.

4. In all interfaces except~vertical 5 (downstream shell) the

| -filling of reservoir has increased the stresses of the end
.0of construction stage. However the impact is more
significant in upstream shell énd upstream face of éore.

5. The maximum Vertical normal stress for one stage and four
stages of reservoir filling ‘analysis for five different
interfaces are tabulated in Tab.6.16. The maximum values of
oy are -97.13 t/m2 and -89.69 t/m2 for one stage and four
stages reservoir filling analyses respectively wereifound at

the base of upstream face of_thevcore (vertical 2).

.6.2.2. Plane 2
6.2.2.1. Horizontal Displacements - u

1. Fiqure 6;17 shows the variation of horizontal displacement
along the height of Plane 2 for one stage and foﬁr stages of
reservoir filling ‘over five interfaces. The pattern is
almost similar with the pattern of Plane 1 for both
;nalyses. It is seen from the figure that the values of
horizontal displacements for four stages of reservoir
filling is higher than one stage full reservoir filling in

- the upper half of the dam height.

2. The maximum horizontal displacements values for one s#age
-and four stages of reservoir filling for five different
interfaces are tabulaﬁed in Tab.6.17. It is noted that for
-one stage full reéervoir filling'the upstream shell move
towards upstream direction by 4.26 cm at.the mid height and

moves in the downstream in top 10 m height and the
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: vdeflectibn rgméining practically same in the upper half “dam

‘height. For fourfstages analysis, the movements are of the

" shell and 6.56 <cm in downstream 'direction in downstream °

'shell. It is seen: that the ‘displacement 'in Plane 2 are:

slightly less than the values of Plane 1.

6.2.2.2. Vertical Displacements - v

1.

Figuré ~6.18 shows :the variation of vertical ‘displacement
'aloﬁg the height of-Plane é fo; one stage and fpur Stagé of
reservoir filling over five interfaces respectively. It 1is
seen from the figure that the battern of the curve is
similar to Plane 1. One stage full reservoir £filling has
highér' displacement values than four stagés' reservoir

filling.

2.  The maximum vertical displacements values for one- stage and

" four stages analysis for five diffefent interfaces are

e downstream'ShelI‘moVes thardsidownstreamfdiieCtion by 5.46 -

cm. The Adefleétion is . maximumftat mid - height bﬁt ;theJ ¢ R

[N

* similar pattern. With one stage analysis with maximum value -*

- of displaCement‘isAj;SO-cm'injupstream directidn in upstream'Q?‘V

tabulated in Tab.6.18. It is observed that the magnitude of

maximum displacement of the. dam top at five interfaces for
one stage full reservéir filling is 32.93 cm in the upstream
shell zone thle for four .stagés analysis - maximum
displacement is-34.36 cm, in the upstremﬁ shell (vertical
1). It is‘noted.that the values on Plane’z are slightly less

‘than the values on Plane 1.
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6.2.2.3. Horizontal Normal Stress - ox

1.

Figure 6.19 shows the variation of hbrizontal normal stress

‘along. the height of Plane 2 for one sfage and four stages of

feserVoir filling over fiVe‘interfaces; It is seen from the
figure that the pattern of the curve of ox is similar fdr
both aﬁalysis. The maximum stress fOrifive interfaces_is
found at the base of the dam. it abruptly decreases in lower -

20% dam height',above the<-bése. Thereafter it remains

'constant upto another 20% height -and then gradually decrease

upto dam top.

The maximum horizontal normal stress for one stage and four

stages of reservoir filling analysis for five different

interfaces are tabulated‘ianab.6.19} The maximum values of

" ox are -33.49 t/m2 and -31.34 t/m2 and found at the centre

of the core (vertical 3) for single lift aﬁd seven lifts
analyses respectively. It is noted that the vaiueé on Plane
2 are sliéhtly less than the values of Plane 1 through the
pattern is same.

The reservoir filling is seeglto iné&eaSg the stress of end

of construction stage at all interfaces except the

‘downstream shell.

.2.4. Vertical Normal Stress - oy

Figure 6.20 shows the variatidn of vertical normal stress
along the héight of Plane‘Z for one stage and four stages of
reservoir filling over five interfaces. It is seen from the
figureAthat the pattern of the curve of oy by one stage
analysis has higher magnitude than foﬁr stages of reservoir

filling at all the interfaces except the downstream shell.
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’Thé.magihﬁm strégs;fdr‘fiQéWintérfaéeS is fouﬁd at the basé“'”"'
'f Bf tﬁé;dém;_Itvsharpiyiaégfeésed_iﬂﬁlower éO% heightlof the »H«a»
‘-fxdéﬁ;:;then> in¢£§a§éd 'hpfof someﬁ heigh£;4aﬁd »thefeaftef,fﬁ"
B :-gradualiy decreaééd hup£o‘:£§p.-of‘vphé’ldﬁm; The lpattérn;'iséi, ;i
5.~similaf to fhe pattern>§f Plane i. .

2. The maximum yertidél ﬁormél’étresé for one étage and four . -

”_;taées ;of‘ :eservoi#f filliné énainiQ' fof five rdifférentﬁ;.:
= 'inﬁerfaces a#éutabuléféd in:Tab.é.ZOf The maximum Valueévoféf
'cy'aré.—93;91 t)ﬁé and —88.94‘£/m2 for.oﬂe étage ana fouf
>fstages réservqir_lfil;ing.'anélysésf respéétively, and are

'fbund at the base of upstream face.of the core and .centre

 .line of the core respectively. It is noted that ﬁhé‘values

.on Plane 2 are slightly léss"than‘the'vélues on Plane 1.

6.2.3. . Plane 3 |

6.2.3.1. Hoiizontal Displacement$ -u

-1.  Figure 6~2l.shows the variétion of horizontal displacement

“along the height of Plane 3 for one stage apd four'stages of

reservoir filling over five interfaces. The pattein ‘is

almost similar with the"battern of Plane i-for both analyses

" but the magnitude_is small. It is seeh from the figure that

the valﬁés of ho;izontal-displacémenﬁs for fouf stages of
reservoir filling is also  higher than one stage full
reservoir filling.

2. 'Thg maximum horizpntal_displécements values for one stage
and four stages of reservoir filling for five different
interfacés are_tabuléted-in Tab.6.21. It ié noted that for
one stagé full rééervpir filling thé upstream shell move

towards upstream direction by a maximum value of 4.95 cm and
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3.

- this displacement occurs at the mid height. The downstream

shell moves toWards;downstream direction by a maximum values

- of 4.90 cm. The horizontal displacement in the core and

‘downstream shell is practically constant in the -upper “half
height of the dam. For four stages analysis, the movéments
are 1in. the similar. pattérn, with ioné stage analysis with
value of 4.14 ém ap‘upstﬁeam direction in upstream shell aﬁd
5.47 cm .at downstrgam direction inldownstream‘shell. It is
also npted that_tﬁe values 6n Plané 3 a;e reduced to about
77—85% from the. values of Plane_i because of the reduced
height. |

Reservoir filling has increased the end of construction
stage displacement in all the interfaces except-fhe upstream
sheli wﬁeg reservoir filling has littie impact on horizontal

displacement.

6.2.3.2. Vertical Displacements - v

1.

2.

Figure 6.22 shéws 4the variation of vertical displacement
along the.height of Plane 3 for one stage and four stage of
reservoir filling over five interfaces respectively. It is
seen froﬁ the figure fhat?iﬁhe pattern of the curve~vis
similar with the Plane 1 and Plane 2. One stage full
reservoir filling has higher wvalues than four stages
reseryoir filling.

The maximum vértical displacements values for'dne stgge-and
four stages analysis for five different interfaces are
tabulated iﬁ‘Tab.6;22. it is observed that the magnitude of
maximum displacement at five interfaces'for»one stage full
reservoir filling is 27.82 cm at the upstream shell ;one
while for four stages- anaiysis the highesf magnitude is
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6.

‘ﬂ29.85ﬁ¢m,'found'&n'thé;ﬁpstream shell : (vertical 1) in the’

. ‘top portion-of the dam. It is noted that the values on ‘Plane - .

3 are réduced tQ1ébbut‘69485% from the values of Plane 1.

- The impact of resérvoir fi;ling»on'verticaltdisplacement is

2,

observed ohly in.upst;ggm shell. The other interfaces do not

fShow significantfimpaét-fn,

3.3. Horizontal Normal Stress-—.cx

Figure 6.23 shows the variation of horizontal normai stress

. along the height of Plahéhé for one stage and four stages of

reservoir filling over five interfaces. It is seen from the

figure that the pattern of the curve of ox is similar for

~both analysis, with ‘the maximum for all five interfaces at

the base of ‘the dam andldecreaéing towards the top of the

dam. It also observed that from the crest of the dam down

- upto 20 m, the stresses distribution are close.;o tend to

tension.
The maximum horizontal normal stress for one stage and four
stages of reservoir filling.'analysis for five different

.

interfaces are tabulated in Tab.6.23. The maximum values of

- ox are -20.23 t/m2 and -20.58 t/m2 were found at. the centre

of the core (vertical 3) for. single lift and seven lifts
analyses respectively. It is noted that the values on Plane

3 are reduced to about 50-58% from the values of Plane 1.

The reservoir filling by both methods is seen to have little

effect on the end of construction stage stresses at this .

plane.
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-;65213.4. - Vertical Normal Stress - dy,

‘1. . Figure 6.24 shows;the variation bf vertical’normal stress
alopg the height of Plane 3 for one“stége and four s;ages of
-reservoif filling over five.interfaces. It is seen from the

~ figure ‘that cyn by -one stage anélysis has only slightly

"higher magnitude than four stages 6f reservoir filling, with
the maximum for five interfaces at ﬁhe base of thé dam and
decreasing towards the top of the dam.

2. . The maximum Qértical normal stress for one stage and four
stages of reservoir -filling analysis for five different
interfaces are tabulated in Tab.6.24. The maximum values of
oy are -77.89 t/m2 and -75.34 t/m2- for one stage and four
.stages reservoir filling analyses respectively were found at
the centre line of the core. It~is-ﬁoted that the values on
Plane 3 are reduced to about 77-86% from the values of Plaﬁe
L _

3. Reservoir filling is seen to have practically no effect on

the end of construction stage stresses at this plane.

6.3.  DISCUSSION OF RESULTS OF CASE III STUDY
 The displaceménts andlstreés ih respect of Case III results are
discﬁssed'qver Plane i, Plane 2 and Plane 3.-The effect of seven
lifts at end of construction has already>been diécuSsedvin Case'
I. In this study focus is on the reservoir filling efféct.
6.3.1. Plane 1
6;3.1.1.' Horizontal DisplacementsA— u

The horizdntal displacements in respect of Case III results of

FEM analysis are discussed below. To study the effect of each
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stage of reserv01r fllllng on the dam body, the';horiiontali_Vf
.dlsplacement at end of constructlon as the ;datum have _been

1.

plotted.
The contours of horizontal displacements by reservoir:¥
filling'in four stages, as’shown in Fig.5.21 shows that the -

maximum movement is at the upstream face of the core and theﬁf

_dam.except_the upstream shell whlch tends to move towards:

upstream‘directiOn.

Figure 6.25 shows the variationjofvhorizontal displacement
along .the height of Plane 1 after end.ofICOnstruction in
seven lifts and four stages reservoir filling ovef five

interfaces. It is seen from the figure that 'upto second

~stage of-filling the movement for five verticals tend to
move slights in upstream direction with respect to end of

construction movement .following the trend of end of-

construction movement. During third and £fourth stage of

filling the verticals tend to move in‘downstream direction.

The maximum.horizontal displacements values on this oase for
five different interfaces are tabulated in Tab.6.25. It is
noted from the table that the maxfmum displacement at first
stage is 4.56 om in upstream direction on vertical 1 and

4.58 cm_in downstream direction on vertical 5. After fourth

'stage the dlsplacement is 3.18 cm in upstream direction on

vertlcal 1 and 7.98 cm in downstream dlrectlon on vertlcal"

2. It is indicatedAthat the water load has pushed the dam

towards downstream from first to fourth stage and reduced

- the upstream movement of the upstream shell. The rest offthe
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dam (core and downstream shell) moved towérds.bdownstream

direction from first to fourth stage.

: Figure"6,26 and . Tab.6.26 shows ' the relative horizontal

.movement at five interfaces for each stage of reservoir

filling taking the displacement at end of construction. as
the datum. It is observed from the figure that the first and
second stage of reservoir filling have moved the dam body

slightly towards upstream direction (0.16 cm) but after the

third and fourth stage of reservoir filling the entire dam

body has to move in downstream direction (maximum

' displacement is 10 cm). The relative horizontal movements

suggest that upto second stage of reservoir filling the

' softening of upstream shell and filter is predominant -

.3.

causing upstream movement. After third and fourth stage of
reservoir filling, the water load on the core dominates to
move the dam body towards downstream movement directiOn.

1.2. Vertical Displacements - v

The contours of  vertical displacéments by full reservoir

filling in four stages, as shown in Fig.5.22, shows that the

" maximum displacements occur in two portion, the upstream

shell and the core. It is indicated that the water due to
reservoir filling through the upstream shell exert presshre'

on core causing vertical displacement in core and downstream

shell.

‘Figure 6.27 shows the variation .of vertical displadement

along the height of Plane 1 after end of construction in

seven lifts and four stages reservoir filling over five

‘interfaces. It is seen from the figure that the change of

the displacement due to reservoir filling was more in the
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: upétreaﬁ shéil,'Whiléjonly Slight-differehée'Waslébééfﬁédybn* -
"the‘céfe:;ohé £Qw$ras'ﬁhe dQWnéﬁfeéﬁiéhell.L-.‘
IﬁéiméxiﬁuﬁHﬁéfizéﬂ?ai displéce@eﬁﬁé?ﬁalues 5ﬁ fhisicdse qu;"
- fi&e'diffepeﬁtginterf;céé ére tabuléféd in‘Téb.6;27; It ig;
~noted 'ffom.-the _tablé >that the . maximum displacement 'ié;
- bécurring in the: cehtré of the Cogé' for;'féur Wstéées ofﬁ“
feser?oir f;llin§4with.the maximﬁm;mégﬁitude of 31.12 cm aﬁ%
" full reéervoiglfiiling. From thé't;b;ef the change of fhé?
displaéement on' the upsffeam shell from end of construction
to full reservoir is 19.93 cm to 28;96 ch cbmpared to the
centre df the core, 30,54‘§m to 31;12ﬁcm. It is to note that
the upstream shell displacement increased by about 40% as

compared to 2% increase in the centre line of the core.
+.1.3. Horizontal Normal Stresé - cx.

:Thé contours of.horizontal normal stress by seven lifts on
-construction and foﬁr stages reservoif filling is shown in
' Fig.5.23.. It is éeen from the figﬁré~ that the core aﬁd
downstream shell zone get compressed after fuil reservoir
filling. The maximum mﬁgnitude of compressive sﬁﬁess occurs
at the bott&m of downstream face of the core. The stresse§
in the dam‘body decreases with increase in dam height.

it‘is observed from thatvfigure that the tensiOnvzoﬁe has
appéared at the upstréam and downstream faée ~of the dam.
close to the abutments witﬁ the ﬁagﬁitude varying from 3 to
7 t/m2. -

Figure 5;28 shows the variétioﬁ of horizontal normal stress
alohg' the height of Plane 1 fér this »case over five

interfaces. It is seen from the figure that the stress
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6.3.

increases with decrease in height from dam crest to one

third of dam height from the base then. it shHarply increases’

.with decrease in height and the maxima occurs ét_the base. -

'The maximum horizontal normal stress for seven lifts and

four stages of reservoir filling analysis for. five different

-interfaces are tabulated in Tab.6.28. The maximum values of

ox is -35.30 t/m2 for fourth stage reservoir filling which

is found at the base of downstream face of the core

(vertical 4). From the table, the change of the stresses on

the ppstream " shell from end of construction to full
reservoir is -21.26 t/m2 to -25.08 t/m2 compared to the
downstream face of the core, -33.88 t/m2 to -35.30 t/m2.

1.3. Vertical Normal Stress - oy

The contours of vertical normal stress by éeven lifts and
four staéés of reservoir filling are shown in Fig.5.24.';t
is observed that the stress distribution concentrated in the
cére zones after full reservoir filling spfead .ﬁéwards
upstream and downstream shell af mid height of.the dam and
decreases upto the face 6f the dam.

From the contours plot,_the maximum stress is observed at

the base:of the downstream face of the core. A tension zone

has appeared in the upstream and dowﬁstream face of the dam.
Figure 6.29 shows the variation of vertical normal stress
along the height 6f Plane 1 after seven 1lifts and four
stages of reservoir filling over five interfaces.‘ The
stresses because of resérvoir filling have been found to be
affected significantl‘y in lower one third portion of dam

section. The distribution is nearly hydrostatic from top of
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4.

6

6

1.

2.

'":the dam’. upto one thlrd of the dam helght ‘and below it thef .

stress increases rapldly to reach the max1ma at the base of;-ﬁ

‘the dam;{

The maximum vertical hbrmal stress for seven lifts and four " -

'stages of ‘teserﬁoir fllllng analy515 for five different

1nterfaces are tabulated in - Tab 6.29. The maximﬁm Value of

- ox-is —99 69 t/m2 for fourth stage reserv01r fllllng From’“'

the table, the,change of'the stresses'on the upstream shell
from end of construction to full ‘reservoir is —-44.26 t/m2 to

362.45 t/m2 compared to the downstream face of the core, -

©.92.05 t/m2 to -99.68 t/m2. It is clear that the upstream

fshell gets more ~affected. due to reservoir filling as

compared to the core zone.

.3.2._ ‘ Plane 2

.3.2.1. ﬁerizontal Displaéements -u

‘Figure 6.30 shows the variation of horizontal displacement

” along ‘the height of Plane 2 after seven 1lifts and four

stages of reservoir filling over five . interfaces. The

pattern is almost similar with the pattern of Plane 1 for
this analysis. It is observed from the figure that the first
and second stage of reservoir filling moves "the dam body

sllghtly towards upstream direction but after the third and

fourth‘stage of'reservoir filling the entire dam body moves

in dOwnstream direction.

'The ’ﬁaximum' horlzontal displacements ‘values after seven
| llftS and four 'stages of reservoir filling _for five
dlfferent interfaces are 'tabulated in Tab.6.30. It is

.0bserved from the table that the maximum displacement at
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6.

first stage is 4.74 cm in upstream direction on Ve:tical 1

and 4.79 cm in downstream direction:on vertical 5. After

- fourth stage the upstream movement is reduced to 3.43 cm on

fertical 1 at mid height of dam and it is 8.48 cm in
dﬁwnsﬁream direétion on vertical 2. The magnitude af
displacement on Plane 2 is slightly less than thevvalues_qn
Plane 1.

Figure 6.31 shows the relative horizontalbat'five inteffaces
for each stage of reservoir filling and take the

displacement at end of construction as the datum and the

'pattern is almost similar with the pattern of Plane 1.

Table 6.31 describes the relative horizontal movements of

‘each stage of reservoir filling with end of construction as

a datum. The dam moves to upstream-direction from the end of

construction stage after first filling for five interfaces

with .a maximum displacement of 0.22 cm on upstream face of
the core. After fourth stage (full reservoir), the movement

is in downstream direction from the end of construction

stage for all the five interfaces with maximum magnitude bf

9.98 cm on upstream face of Ehé core

.2.2. Vertical Displacement - v

Figure 6.32 shows the variation of vertical displacement

along the height of Plane 2 after seven lifts and four stage

of reservoir filling over five interfaces respectively. It

is seen from the figure that the pattern of displacement is
similar to the Plane 1.

The maximum vertical displacements values after seven lifts

and four stages analysis for five different interfaces are

tébulatedAin Tab.6.32. It is noted from the table that the



maximum mégnitudéfis‘30597.cmfon4céntre of  the coré;,The_"

changeiof the;dispiécémént{én'fhe upstream shell'frbmfendrof;

" construction -to ;fullivrééérvoii->is\ 19.72 cm to .29;323§¢m35

6.3

compare to‘the'céhtre dfﬁthéfqore, 30.17 cm to 30.97. cm; itﬁ

is note that tHe.upstream.shelliis,moré-affected than the:
.core. It is noted‘that the valués'on Plane 2 are slightly ..
" less than the values on Plane 1.

.2.3. Horizontal Normal: Stress - ox | s

Figure 6.33 shows the variation of horizontal normal stress

- along the height of Plane” 2 for this case over five

interfaces. It is seen from the‘figufe that the pattern of
the curve is similar to the Plane 1:

The maximum horizontal normal stress for seven lifts and

four stages of reservoir filling analysis for five different

- interfaces are tabulated in Tab.6.33. The maximum values of

6.3.

ox is -33.82 t/m2 for fourth stage reservoir filling which .

is found at the base of downstream face of the core

(vertical 4). It is noted that the values on Plane 2 are

"slightly less than the values on Plane 1.

2.4. Vertical Normal Stress - oy

Figure 6.34 shows the variation of vertical normal stress

along the height of Plane 2 after seven lifts and four

stages of reservoir filling over five interfaces. The

paﬁtern of the st#esses‘ show that the stresses increase
rapidly at one third of the'dam height and héve the maximum
magnitude at‘thg base of the dam;

The maximum vértical'ﬁormal stress»for sévén>lifts and four

stages of reservoir filling analysis for five different
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6.3.

6.3

1.

2.

3.

4.

interfaces are fabulated in Tab.6.34. The maximum values of
ox is -99.45 t/m2 for fourth stage reservoir filling.- It ié
noted that the vélues'on Plane 2 are slightly less than the
values on Plane 1. | o

3. Plane 3
.3.1. Horizontal Displadement - u.

Figure 6.35 shows the variation of hbrizontél displacement
along the height of ‘Piane 3 after seven lifts and four
stages of - reservoir filling over five interfaces. The
pattern is almost similar with the pattern of Plane 1qur
this analysis.

The maximum horizontal displacements values after seven
lifts and four stages of reservoir filling for fiﬁe
different interfaces are tabulated in Tab.6.35. It is
observed from the table that the maximum displacement after
first stage is 2.49 cm in upstream direction on vertical 1
and 2.55 cm in downstream direction on vertical 5. After
fourth ‘stage it slightly reduced to 2.47 cm in upstream
direction on vertical 1 and increased to 5.58° cm in
downstream direction on 've;tical 2. The mégnitudes of
movement fon Plane 3 have decreased to about:  55-69% from
Plane 1; |

Figure 6.36 shows the relative hdrizontal at five interfaces
for each stége of reservoir filling and take the
displacement at end of construction as the datum and 4the
pattérn is almost similar with the pattern of Plane 1.

Table 6.36 describe the relative horizontal movements of

~each stage of reservoir fillinq_frém end of construction as
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.a datum The dam ‘move’ to upstream direction from the " end. of
constructlon stage after flrst fllllng for flve 1nterfaces ‘

w1th makimum magnltude of only 0. 04 cm. on- upstream face of:.

the core after fourth stage (fullsreserv01r); However the: -
vmovement is in downstream Jdirection"from-'the end of -
‘oonstruction:stage for.ail the‘five'interfacesfwithfmaximum;

o magnltude of 6. 06 cm on’ upstream face of the core.

6. 3 3 2. Vertical Dlsplacement - v-7,‘ - . J. o

1.

2.

Flgure’,6.37 shows the variation of vertical ‘displacement

‘halong the height of Plane 3 afterlseven lifts and four stage
~of reservoir filling over five interfaces respectively.'lt

is seen from the figure that the pattern of the curve. is

similar with the Plane 1.
The maximum vertical displacements values after seven lifts

and four stages analysis for five different interfaces are

tabulated in Tab.6.37. It is noted from the table that the

maximum magnitude is 19.08 cm in the upstream shell. The

change of the displacement in the upstream shell from end of

construction to full reserﬁoir is 13.50 cm to"19.08 cm and

in the core it is 17.57 cm to 18.05 cm. It shows that the
upstream shell is more affected by reservoir filling rather
than the'core.'It is noted that the values on Plane 3 are

about 57-66% of the values on Plane 1.

6.3.3.3. .Horizontal Normal Stress - oOx

1.

Figure 6.38 shows the variation of horizontal normal stress
along the height of Plane 3 for this case over five

intexfaces. It is seen from the figure that there is some
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tension zone (2 t/m2) at about mid height of the dam. The

.compression stresses are maximum at the base.

.. The maximum horizohtal normal stress after seven lifts and

~ four stages of reservoir filling analysis;for five different

interfaces are tabulated in Tab.6.38. The maximum values of
ox 1s -20.52 t/m2 for fourth stage reservoir filling which
is found at the base of downstream shell (vertical 5). It is
noted that the values on Plane 3 are reduced to 54;76% of

the values of Plane 1.

.3.4. Vertical Normal Stress - oy

.Figure 6.39 shows the variation of vertical‘normal stress

along the height of Plane 3 after seven lifts and four

- stages of reservoir filling over five interfaces. It is seen

from the figure that the pattern of the stress distribution

is similar to Plane 1 with minimum compressive stress at

about mid height of the dam anq maximum at the base of dam.

The maximum vertical normal stress for seven»lifts and four
stages of reservoir filling analysis for five different
interfaces are tabulated in Tab.6.39. The mgximum‘value of
ox is =-64.29 t/m2 fbf fouffg stage reservoir filling at
centre of the core. It is noted that the values on Plane 3

are redu;ed to about 62-77% of the values of Plane 1.
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‘Tab.6.1. Maximum Horizontal Displacements .(cm), Plane 1, Case 1

Particulars EoC EaC
) One Stage Seven Stages
Vertical 1 -3.9668 -4.408
- {Vertical2 -1.247 -2.114
Vertical 3 - -0.039 -0.010
© "|Vertical 4 0.661 ’ 1.451
Vertical 5 ) 4.007 - 4,608

Tab.6.2. Maximum Vertical Displacements (cm), Plane 1, Case 1
v Particulars EoC — EoC . ’
One Stage Seven Stages

Vertical 1 -27.860 . 19928
Vertical 2 A 27428 | -27.818
Vertical 3 ‘ 27.526 -30.538
Vertical 4 -27.624 28.792
Vertical 5 28378 . -20.704

Tab.6.3. Maximum Horizontal Norm. Stress (t/m2), Plane 1, Case 1

Particulars EaoC EoC
One Stage Seven Stages
Vertical 1 -21.486 -21.2684
Vertical 2 -30.382 -32.764
Vertical 3 -28.915 -27.207
Vertical 4 -31.130 -33.886 -

Vertical § : -22.017 -21.918

Tab.6.4. Maximum Vertical Norm. Stress (t/m2), Plane 1, Case 1

Particulars - EoC EoC
: One Stage Seven Stages
|Vertical 1 -44.379 -44.262
Vertical 2 -80.543 -87.684
Vertical 3 -80.845 -89.441
Vertical4 . -82.466 -92.049
|Vertical 5 ' -50.474 -50.348
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Tab.6.5. Maximum Horizontal Displacements’ {(cm), Plane 2, Case 1 .
Particulars T EC TEC e :
: One Stage Seven Stages

|Vertical 1 e | "‘ﬂ-4:.s16" o .
Vertical 2 . N a2 | -1.506

Vertical 3+ 41.646 . -0.083 : T o . ' ._:v .
Vem'camv v o.e4lzv'l .01 R _' '_ e S
Ve:fﬁca;s o 3786 - | - ast0 . o s .

‘ane -2, Case 1

Tab.6.6. Maximum Vertical Displacements (';:mi>";

Particulars EoC . EoC ) =
. One Stage Seven Stages
Vertical 1 28207 19.721
Vertical 2 28,228 -27.391 o -
Vertical 3 -26.324 -30.170 o _ T
Vertical 4 -26.428 .28.384

Vertical 5 ~ -26.980 - -20.461

Tab.6.7. Maximum Horizontal Norm. Stress (t/m2), Plane 2, Case 1

Particulars EoC EoC
One Stage Seven Stages
Vertical 1 - 23380 | :24.625
{Vertical 2 20377 . 31615
Vertical 3 . 30850 31.678
Verticai 4 30,249 -33.040
Vertical 5 27.448 -28.227 - g

Tab.6.8. Maximum Vertical Norm. Stress: (t/m2), Plane 2, Case 1

Particulars EoC EoC

One Stage Seven Stages
Vertical 1 43453 52.387
Vertical 2 77.001 -83.610
- {Vertical 3 . -81.368 -89.818
Vertical 4 -78.299 . - -88.536
Verical 5 - - 64.738 -68.203
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. Tab.6.9. Maximum Horizontal Displacements (cm), Plane 3, Case 1

Particulars EoC EcGC
One Stage Seven Stages
Vertical 1 ' -3.502 -2.499
Vertical 2 ’ -1.162 " -0.480
Vertical 3 Q0.070 -0.034
Vertical 4 0.984 1.417 _
{Vertical 5 3383 | 2ss2

_ ‘I‘ab.6v.10. Maximum Vertical Displacements (cm), Plane 3, Case 1

Particulars EoC ’ EoC .
One Stage Seven Stages
Vertical 1 220800 |  -13st0
Vertical 2 -21.408 -16.679
Vertical 3 -21.642 -17.575
{Vertical 4 - -21.891. -17.384
Vertical 5 22977 13.955

Tab.6.11. Max. Horizontal Norm. Stress (t/m2), Plane 3, Case 1
' Particulars _ EoC EoC
_One Stage Seven Stages

. Vertical 1 -14.688 -17.890
Vertical 2 -16.697 +17.736
Vertical 3 - -19.067 -17.153
Vertical 4 -17.548 A7719 )
Vertical § -16.144 -19.002

Tab.6.12. Max. VVertical Norm. Stress (t/m2), Plane 3, Case 1

Particulars ~EoC "~ EoC
. One Stage Seven Stages
Vertical 1 . -39.289 -54.937
Vertical 2 -§7.355 -£9.386
‘[Vertical 3 -72.836 -71.840
Vertical 4- ) ~ -60.830 -70.477
Vertical § -43.626 -56.647
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Tab 6 14. Max

Particulars EoC | Full Reservoir { Full Reservoir
One Stage 4 Stages 1 Stage
" |vertical 1 - . 98 | 3859 " 4253
 IVertical 2 1247 8194 . 5311
Vertical 3 " .0.039 8.107 4435
 |Vertical 4 0.661 " 6.369 4.600
Vertical 5 4007 " 8.998 5,390

Particulars goC Full Reservoir 1 Full Reservoir
One Stage 4 Stages 1 Stage
Vertical 1 - .27.660 34765 -34.069
Verticat 2 -27.426 -29.651 -30.666
Vertical 3 -27.526 -29.417 30,384
Vertical 4 27624 29358 -30.186
Vertical 5 -28.376 -30.374 - -30.648

Tab. 6V. 15. Max.

Horizontal Norm.

Stress
Particulars EoC Full Reserv. . | Full Reserv.

1 Stage - 4 Stages 1 Stages
Vertical 1 -21.496 -25.474 .. -29.061
Vertical2 - - -30.392 -24.543 -29.421
Vertical 3 -26.915 -27.314 -29.936
Vertical 4 -31.130 - -35.327 -34,382
Vertical 5 -22.017 -22.482 -22.517

.Tab.6.16. Max.

Vertical Norm.

Tab 6 13. Max1mum Horlzontal Dlsplacements {em) ,

.

imum Vertlcal D;Lsplacements (cm) ’

(t/m2),

Stress (t/m2),

Vertical 5

Particulars EoC Full Reserv. Full Reserv.
1 Stage 4 Stages 1 Stages
Vertical 1 -44.379 -59.750 -69.775
Vertical 2 -80.543 89,698 © 97134
Vertical 3 -80.845 -85.323 -93.482
Vertical 4 -80.664 86150 |  -92.464
-50.474 -51.095 -51.117

Plane 1,

Plane 1,

Case 2 %

Case 2

Plane 1 Case 2

lPlane 1, Case 2
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Tab.6.17. Maximum Horizontal Displacements (cm), Plane 2, Case 2

Particulars . EoC Full Reservoir | Full Resarvoir
~ One Stage 4 Stages 1 Stage
Vertical 1 -3.775 -3.801 © 4,255
Vertical 2 . -1.259 5.608 4812
Vertical 3 . -0.046 5.684. 4,180
Vertical 4 0.642 6.046 - 4483
Vertical § 3,786 6.557 " 5463

Tab.6.18. Maximum Vertical Displacementls {cm), Plane 2, Case 2

Particulars EoC Full Reservoir | Full Resarvoir
: One Stage 4 Stages 1 Stage
Vertical 1 -28.267 -34.355 -32,933
Vertical 2 -28.228 -28.342 -29.308
Vertical 3 -28.324 -28.284 -29.023
Vertical 4 -26.426 -28.235 - -28.8892
Vertical 5 : -26.980 -28.970 29,073

Téb.é.lQ. Max. Horizontal Norm. Stress (t/m2), Plane 2, Case 2 (

Particulars EoC Full Reserv. .| Full Reserv.
1 Stage 4 Stages 1 Stages
Vertical 1 -23.380 -28.802 .. .=30.348
VBI_‘ﬁ@i 2 -29.377 - -30.503 -33.383
Veitical 3 -30.650 | -31.346 -33.490
Vertical 4 -30.249 -30.865 -32.176
Vertical 5 -27.449 -27.980 -28.116

Tab.6.20. Max. Vertical Norm. Stress (t/m2), Plane 2, Case 2

Particulars - EoC Full Reserv. Full Reserv.
: 1 Stage 4 Stages 1 Stages
|Vertical 1 -43.453 -61.785 -66.143
Vertical 2 -77.091 -84.852 -93.913
Vertical 3 -82.366 -88.939 -90.894
Vertical 4 -78.299 -83.028 -87.093
Vertical 5 -6;1.738 £5.416 - -65.711
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gyt

Pamculaxs . EoC . | Full Reservoir |. FullReservair |
One Stage 4 Stages 1 Stage
Vertical 1 " a3s02. 4.144 4951
Vertical 2 - 1162 3601 . 3.366
 |Vertical 3 . 0.070 © 4.101 3.031
|Vertical 4 0.984 4600 - 3.743
Vertical 5 3.383 " 5.468 - 4,903

Tab.6. 22 Max:Lmum Vertical Dlsplacements (cm)

Particulars EoC Full Reservoir | Full Reservoir -
One Stage 4 Stages 1Stage |
‘IVerticat 1 -22.060 -20.847 - . -27.824
Vertical 2 -21.498 -20.482 . -22.418
Vertical 3 -21.642 -21.239 -22.789
Vertical 4 21,801 21.742 -23.143
Vertical 5 22077 22.908 -24.018

Tab}6.23. Max.

Horizontal Norm.

Stress (t/m2) '

Particulars EoC Full Reserv. Full Reserv.
1 Stage 4 Stages 1 Stages
Vertical 1 -14.688 -20.342 -19.471
Vertical 2 . -16.697 -17.929 -18.844
Vertical 3 -19.067 20,575 " -20.231
Vertical 4 17.548 -19.721 -18.923
Vertical 5 -16.144 -20.156 -16.640
Tab.6.24. Max. Vertical Norm. Stress (t/m2),
Particulars EoC . Full Reserv. Full Reserv.
: 1 Stage 4 Stages 1 Stages
Vertical 1 -39.289 -48.156 45,072
Vertical 2 -57.355 -63.393 -64.202
Vertical 3 " -72.836 -75.344 -77.899
Vertical 4 60830 | 65567 -63.271
Vertical 5 -43.626. -49.643 -43.607

'Plane 3, Case 2

Plene 3,

Plane 3, Case 2

' Tab 6 21 Max:Lmum Horlzontal Dlsplacements (cm), Plane 3 Case 2

Case 2
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Tab.6.25. Maximum Horizontal Displacements

Case 3

(cm), Plane 1,
Particulars EaC Stage 1 Stage 2 ‘Stage 3 ~Stage 4
Seven Stages | (W.L. 24 m) (W L. 44 m) (WL.76 m)| (W.L.95m)
Vartical 1 -4.408 4565 -4.599 3795, -3.181
Vertical 2 2114 | 2257 1.084 | 3851 7.981
Vertical 3 -0.010 -0.143 -0.207 - 2.992 6.778
* |Vertical 4 1.451 1:393 - 1524 3.330 6.339
Vertical § ‘4.6‘08 4.585 4.621 5.381 6.247
Tab.6.26. Relative Horizontal Displ. (cm), Plane 1, Case 3 ’
Particulars EoC Stage 1 Stage 2 Stage 3 Stage 4
Seven Stages | (W.L.24m) | (W.L.44m) | (W.L.76 m)| (W.L. 95 m)
Vertical 1 Datum -0.157 -0.191 0.612 1.227
Vertical 2 Datum -0.143 1.030 5.964 10.095
{Vertical 3 Datum -0.133 -0.198 3.001 6.788
Vertical 4 Datum -0.058 0.073 1.879 4.888
Vertical 5 Datum 0.023 0.013 0.773 1639
Tab.6.27. Max:.mum Vertical Displacements (cm), Plane" 1 Case 3
Particulars EoC Stage 1 Stage 2 Stage 3 Stage 4 -
Seven Stages | (W.L.24m) | (W.L.44m) | (W.L.76m)| (W.L. 95m)
Vertical 1 -19.928 -20.150 -22.331 -27.836 -28.959
Vertical 2 -27.816 -27.860 -28.510 - | -26.880 -24.449
Vertical 3 . -30.538 -30.538 -30.731 | -30.981 -31.124
Vertical 4 -28.792 -28.729 -29.027 -29.456 -29.637
Vertical 5 © -20.704 -20.667 -20.719 -20.942 -21.184
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- 4 Tab.6

.28. Max. Horizontal Norm. Stress (t/m2), Plane 1,

| 21,918

-21.887

-21.922 -

_Particulars | EoC Stage 1 Stage 2 Stage 3 Stage 4 -
WL Om) f WL 24m)| (W.L.44m)| W.L76m) | (W.L 95m)
|Vertical1 | 21264 | ‘21928 |*23508 | -24.501 25079
|vetical2z | ‘-32764 |- 37642 | 33827 .| -27.982 | -24.975
Verticald - | -27.207 | -26.895 | -27.705 | -28.046 | -27.852
Vertical 4 33886 | 33542 | -33.889 | 34935 | -35.304
Vertical 5 22140 | -22.326

‘Tab.6.29. Max. Verti

cal Norm. Stress

(t/m2), Plane 1, Case 3

-90.334

T -50.604

Particulars |  EoC Stage 1 Stage 2 Stage 3 Stage 4

(W.L.0m) L.24m){ (WL 4m)j (WL 76m)] (W.L.95m)

Vertical 1 - -44.262 -46.816 _ -52.443 -56.443 62452

|Vertical 2 -87.694 -95.292 -83.229 -87.720 -90.925 .
Vertical 3 -89.441 . -80.342 E -81.968. -92.236 -95.672

VerﬁéaM -92.049 - -91.451 --92.046 -94.049 -99.689
Vertical 5 - -50.348 ~50.370 -53.394

Particulars EoC Stage 1 Stage 2 Stage 3 Stage 4
| sevenStages | W..24m) | w.t. 44m) | W.L.76m)| W.L.95m)
Vertical 1 4616 4741 | 4686 -3.940 3427
Vertical 2 1.506" 732 0555 5113 8.483
Vertical 3 -0.083 -0.250 0218 | 2728 6.321
Vertical 4 1.011 0.925 0.960 3.164 5.583
Vertical 5 4810 4788 4818 5517 6.328

Tab.6.30. Maximum Horizontél Displacements (cm), Piane 2, Cése 3
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‘Tab.6.31. Relative Horizontal Displ. (cm), Plane 2,

Particulars EoC - . Stage 1 Stage 2 Stage 3 Stage 4
Seven Stages | W.L.24m) | W.L.44m) | W.L. 76 m) | (W.L. 95 m)
Vertical 1 Datum- 0.125 . -0.069 0.677 . 1.189
-_ Vertical 2 " Datum -0.226 *0.951 6.619 9.989
Vertical 3 Datum -0.167 -0.135 2.811 6.404
Vertical 4 Datum -0.087 -0.052 2.153 4.571
Vertical 5 Datum -0.023 0.007 0.707 1.518

Particutars EoC Stage 1 Stage 2 Stage 3 Stage 4
- |"Seven Stages | (W.L.24m) { W.L. 44m) | W.L.76 m) | (W.L.95m)
Vertical 1 -19.721 -19.818 -21.902 -27.948 -29.322
Vertical 2 -27.391 -27.432 -28.119 -27.141 -24.845
Vertical 3 -30.170 -30.158 -30.591 -30.740 -30.976
Vertical 4 - -28.384 -28.338 -28.617 -29.065 -29.270
‘|Vertical § -20.461 -20.431 -20.472 -20.662 -20.882

Particulars EoC Stage 1 Stage 2 Stage 3 Stage 4
WL.Oom (WL 24m)| (W.L.44m)| (W.L.76m)| (W.L.95m)

Vertical 1 24625 | -25.664 -27.540 -29.088 -30.425

" |Vertical 2 -31.615 -32.232 -33.151 -32.854 32725

Vertical 3 -31.679 -31.862 -32.554 -32.756 -32.740

Vertical 4 -33.040 -32.821 -33.082 -33.667 - -33.817

Vertical 5 - 28.227 -28.181 .| -28.247 -28.514 -28.694

Case 3

Tab.6.32. Maximum Vertical Displacements (cm), Plane 2, Case 3

Tab.6.33. Max. Horizontal Norm. Stress (t/m2), Plane 2, Case 3

157



Tab.6

" |- Particulars EoC . Stage1 .. Stage 2 Stage 3 Stage 4 .
W.L.Om) | (W.L24m){ (W.L.44am)| W.L76m)| (W.L 95m)
[Verticai 1 | ..52.387 | :s5.169. |  -50.603 63213 |  -69.914
Vertical 2 -83.610 -86.138 | -89698 |  -90.912 .| -96.819
Vertical 3 -~ | -89.818 | -90.860 |. -93.362 | -94.333 -99.452
Vertical 4 -88.506 | --8s202 | -ss.ae2 -90.083 ‘| -95.084 .
Vertical 5 -68.203 -68.185 | -68.273. | -68.541. -72.202

.35. Maximum Horizontal

Displacements (cm),

Particulars EoC - - Stage 1 - Stage 2 - Stage 3 Stage 4
: Seven Stages | (W.L.24m) | (W.L.44m) | W.L.76 m)| (W.L. 95 m)
Vertical 1 -2.499 -2.512 2543 - -2.172 2,474
Vertical 2 -0.480 -0.522 -0.637 1.872 5.580
Vertical 3 -0.034 -0.072 -0:170 1.277 3.597
Vertical 4 1.417 1.404 - "1.386° 1.880 3.485
Vertical 5 T 2.552 2.542 2,533 2.808 3681
Tab.6.36. Relative Horizontal Displ. (cm), Plane 3,
Particulars EoC - Stage 1 Stage 2 Stage 3 Stage 4
SevenStages | (W.L.24m) | W.L.44m) | (W.L.76 m) | (W.L.95m)
|verticat 1 Datum -0.012 . -0.044 0.327 . 0.026
Vertical 2 Datum -0.042 -0.158 . 2.382 6.060
Vertical 3 Datum -0.038 -0.136 1311 ' 3.631
Vertical 4 Datum -0.013 -0.031 0.464 2.068
Vertical 5 Datum -0.010 -0.018 0.256 1.129

Case 3

Tab.6.34. Max. Vertical Norm. Stress (t/m2), Plane 2, Case .

.

Plane 3, Case 3
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Particulars ~ EoC Stage 1 Stage 2 Stage 3 Stage 4
Seven Stages | W.L.24m) | W.L.44m) [ (W.L.76m)| (W.L95m
Vertical 1 ) 13,510 -13.502 -13.706 -16.655 " 219,086
{Vertical 2 -16.679 -16.676 -16.868 -15470 -14.426
Vertical 3 - -17.575 -17.569 -17.709 -17.659 -18.051 .
Vertical 4 -17.384 -17.374 -17.460 -17.537 -17.772
Vertical § -13.955 -13.947 -13.959 -14.044 -14.172

Particulars EoC Stage 1 Stage 2 Stage 3 Stage 4

) WL Om) | (WL 24m)| (W.L.44m)| (W.L.76 m) | (W.L.95m)
Vertical 1. © -17.890 -18.062 -18.366 -1 6.868 -19.186
Vertical 2 -17.736 -17.861 -18.142 | -18.434 -18.269
|Vertical 3 -17.153 -17.224 | -17.367 -18.055 -18.205
Vertical 4 - =17.719 -17.784 -17.807 -18.624 -19.070
Vertical 5 ©-19.092 -19.222 -19.368 -19.935 -20.523

cal -Norm. Stress (t/m2), Plane 3

-44.626

-47.579

Tab.6.39. Max. Verti

‘ Particulars EoC Stage 1 Stage 2 Stage 3 Stage 4
) (WL.Om) | (WL24m)J (WL . 44m)] W.L.76m)| (W.L.95m) |
Vertical 1 -41.203 -43.089 -44.494 -46.684 -48.609
Vertical 2 -52.040 -54,664 -56.93_4 A -60.394 -63.577
Vertical 3 -§3.880 -56.612 -58.931 -61.444 -64.290
Vertical 4 -52.858 -56.522 -57.659 -59.569 -62.205
Vertical 5 -42.486 -46.299 -49.350

o Tab.6.37. Méximum Vertical Displacements (cm), Plane 3, Case 3

Tab.6.38. Max. Horizontal Norm. Stress (t/m2), Plane 3, Case 3

» Case 3



Vertical 1, Horizontal Displ.,
Plane 1, Case 1

Vertical 2, Horizontal Disp}.,
Plane 1, Case1
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Fig.6.1. Horizontal Displ. u along Height at Different Location over Plane 1, Case 1
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Vertical 1, Vertical Displ.,
Plane 1, Case 1

Vertical 2, Vertical Disp}.,
Plane 1, Case 1
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Fig.6.2. Vertical Displ. - v along Height at Different Location over Plane 1, Case 1
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Fig-6.3. Horizontal Normal Stress ox along Height at Different Location over Plane 1, Case 1
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Vertical 1, Vertc. Norm. Stress oy,
Plane 1, Case 1

Vertical 2, Vertc.Norm.Stress oy,
Plane 1, Case 1
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Fig.6.4. Vertical Normal Stress oy along Height at Different Location over Plane 1, Case 1

3 £ l// 495
H H / /
g 4720 E
a > % ) /) 470
—430 /
-120 -90 -60 <0 ° 120 %0 0 30 0
oy (tm2) ay (tim2) '
[#—EoC 15tg —%—EoC 7sig| [—e—EoC 15tg —%—EoC 751 |
Vertical 3, Vertc.Norm.Stress oy, Vertical 4, Vertc.Norm.Stress oy,
Plane 1, Case 1 Plane 1, Case 1
E / / a80. T X / 450
= v / & / /
§ / H
|§ / 470 .§ / /‘ 470
4 ;-//
-120 90 -60 30 o -120 g0 -60 30 0
oy (Vm2) ay (¥m2)
[-#—EcC 15tg —%—EaC 7St | [S#—EoC 15lg ——EsC 7St |
Vertical 5, Vertc.Norm.Stress oy,
Plane 1, Case 1_
E
<
g
:
& M 470
/ 4501

163




|—#—EoC 1 Stage —#—EoC 7 Stages|

Fig.6.5. Horizontal Displ. u along Height at Different Location over Plane 2, Case 1
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Vertical 1, Vertical Displ,,
Plane 2, Case 1

Vertical 2, Vertical Displ.,
Plane 2, Case 1
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Fig.6.6. Vertical Movement - v along Height at Different Location over Plane 2, Case 1

165




Vertical 1, Horz. Norm. Stress ox,

Vertical 2, Horz.Norm. Stress oX,

Plane 2, Case 1 Plane 2, Case 1
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Fig.6.7 Horizontal Normal Stress ox along Height at Different Location over Plane 2, Case 1
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Vertical 1, Vertc. Norm. Stress oy,

Vertical 2, Vertc.Norm.Stress oy,

Plane 2, Case 1 Plane 2, Case 1
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Fig.6.8. Vertical Normal Stress sy along Height at Different Location over Plane 2, Case 1
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Vertical 1, Horizontal Displ.,
Plane 3, Case 1
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Plane 3, Case 1
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Vertical 1, Vertical Disp)., Vertical 2, Vertical Displ.,
Plane 3, Case 1 Plane 3, Case 1
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Fig.6.10. Vertical Displ. - v along Height at Different Location over Plane 3, Case 1
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Vertical 1, Horz. Norm. Stress ox,
Plane3, Case 1

Vertical 2, Horz.Norm. Stress oX,
Plane 3, Case 1
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Fig.6.11. Horizontal Normal Stress ox along Height at Different Location over Plane 3, Case 1
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Vertical 1, Vertc. Norm. Stress oy,
Plane 3, Case 1

Vertical 2, Vertc.Norm.Stress oy,
Plane 3, Case 1
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Fig.6.12. Vertical Normal Stress oy along Height at Different Location over Plane 3, Case 1

171



Vertical 1, Horizontal Displ.,
Plane 1, Case 2

Vertlcal 2, Horizontal Disp!.,
Plane 1, Case 2
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Fig.6.13. Horizontal Displ. u along Height at Different Location over Plane 1, Case 2
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Fig.6.14. Vertical Movement - v along Height at Different Location over Plane 1, Case 2
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Vertical 1, Horz. Norm. Stress oX,
Plane 1, Case 2

Vertical 2, Horz.Norm. Stress oXx,
Plane 1, Case 2
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Fig.6.15. Horizontal Normal Stress ox along Height at Different Location over Plane 1, Case 2
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Vertical 1, Vertc. Norm. Stress oy,
Plane 1, Case 2

Vertlcal 2, Vertc.Norm.Stress oy,
Plane 1, Case 2
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.Fig.6.16. Vertical Normal Stress oy along Height at Different Location over Plane 1, Case 2
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Fig.6.17. Horizontal Displ. u along Height at Different Location over Plane 2, Case 2
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Fig.6.18. Vertical Displ. - v along Height at Different Lacation over Plane 2, Case 2
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Vertical 1, Horz. Norm. Stress oX,
Plane 2, Case 2

Vertical 2, Horz.Norm. Stress oX,
Plane 2, Case 2
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Fig.6.19. Horizontal Normal Stress ox along Height at Different Location over Plane 2, Case 2
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Vertical 1, Vertc. Norm. Stress oy,
Plane 2, Case 2

Vertical 2, Vertc.Norm.Stress oy,
Plane 2, Case 2
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Fig.6.20. Vertical Normal Stress oy along Height at Different Location over Plane 2, Case 2
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Fig.6.21. Horizontal Displ. u along Height at Different Location over Plane 3, Case 2
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Vertical 1,Vertical Displ.,
Plane 3, Case 2

Vertical 2, Vertical Disp!.,
Plane 3, Case 2
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Fig.6.22. Vertical Displ. - v along Height at Different Location over Plane 3, Case 2
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Vertical 1, Horz. Norm. Stress ox,
Plane3, Case 2

Vertical 2, Horz.Norm. Stress ox,
Plane 3, Case 2
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Fig.6.23. Horizontal Normal Stress ox along Height at Different Location over Plane 3, Case 2
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Vertical 1, Vertc. Norm. Stress oy,
Plane 3, Case 2
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Fig.6.24. Vertical Normal Stress cy along Height at Different Location over Plane 3, Case 2
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Fig.6.25. Horizontal Displ. u along Height at Different Location over Plane 1, Case 3
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Vertical 1, Relative Horz. Disp. to EoC,
Plane 1, Case 3
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Fig.6.26. Relative Horizontal Displacement to End of Construction over Plane 1, Case 3
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Fig.6.27. Vertical Displ. - v along Height at Different Location over Plane 1, Case 3
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Vertical 1, Horz. Norm, Stress ox,
Plane 1, Case 3

Vertical 2, Horz.Norm. Stress oXx,
Plane 1, Case 3
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Fig.6.28. Horizontal Normal Stress ox along Height at Different Location over Plane 1,Case 3
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Vertical 1, Vertc. Norm. Stress oy,
Plane t, Case 3
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Fig.6.29. Vertical Normal Stress oy along Height at Different Location over Plane 1, Case 3
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Vertical 1, Horizontal Displ., Vertical 2, Horizontal Displ.,
Plane 2, Case 3 Plane 2, Case 3
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Fig.6.30. Horizontal Movement u along Height at Different Location over Plane 2, Case 3
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Vertical 1 Relative Horz. Disp. to EoC,
Plane 2, Case 3

Vertical 2 Rel. Horz. Disp). to EoC,
Plane 2, Case 3
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Fig.6.31. Relative Horizontal Displacement to End of Construction over Plane 2, Case 3
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Fig.6.32. Vertical Displ. - v along Height at Different Location over Plane 2, Case 3
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Vertical 1, Horz. Norm. Stress ox,

Vertical 2, Horz.Norm. Stress oX,
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Fig.6.33. Horizontal Normat Stress ox along Height at Different Location over Plane 2,Case 3
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Vertical 1, Vertc. Norm. Stress oy,
Plane 2, Case 3

Vertical 2, Vertc.Norm.Stress oy,
Plane 2, Case 3
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Fig.6.34. Vertical Normal Stress oy along Height at Different Location over Plane 2, Case 3
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Vertical 1, Horizontal Displ.,
Plane 3, Case 3

Vertical 2, Horizontal Displ.,
Plane 3, Case 3
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Fig.6.35. Horizontal Displ. u along Height at Different Location over Plane 3, Case 3
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Vertical 1 Relative Horz. Disp. to EoC,
Plane 3,Case 3

Vertical 2 Rel. Horz. Displ. to EoC,
Plane 3, Case 3
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Fig.6.36. Relative Horizontal Displacement to End of Construction over Plane 3, Case 3

195

5 530 N
1 ‘lg %\ \\
16 610, E—
E 450 . E 490-
%’ / 5 é |——
3 3 =1
; 470 3 470
3 i ]
[/ §
4501 450
430 430
-0.02 0 0.02 0.04 0.06 -0.02 0 0.02 0.04 0.06
Displacement (m) Displacement (m)
|—#—EoC —m—Stg1 —'—Stg2 —>¢—Stg3 ——Stg4 | |—*—EoC —=—Stg1 ——Stg2 —%—Stg3 —*—Stg4 |
Vertical 3 Relative Horz. Displ. to EoC, Vertical 4 Rel. Horz. Displ. to EoC,
Plane 3, Case 3 Plane 3, Case 3
b g 530 ' w&
i 4
5‘.9“1 i \ :1;‘# i
E st X ] E 490 //
E % g /
g s
& g ql/
o 470 3 470
m l o
450 450-
A&A-l 430
0.02 0 0.02 0.04 0.06 -0.02 o} 0.02 0.04 0.06
Displacement (m) Displacement {m)
[-#—EoC —=—stg1 — —stg2 —<—Stg3 w5194 |—#—EoC —m—Sig1 ——Stg2 —*—Stg3 —*—Stgd |
Vertical 5 Relative Horz. Disp. to EoC,
Plane 3, Case 3
f "
st0- A
[/
5 /
(-]
s
2 470
w
-
450
0,02 0 0.02 0.04 0.06




Vertical 1, Vertical Displ.,
Plane 3, Case 3-

Vertical 2, Vertical Displ.,
Plane 3, Case 3

X530
e—— 1 | v |
e 2 518 510
= o 4901 £ 490
5 g
= B
E 470- E 470
w w
459T
4301 430
-0.25 -0.20 015 -0.10 0.05 0.00 -0.25 0.15 0.05
v (m) v (m)
|—e—EoC —m—Stg1 —:—Stg2 —x—Stg3 —%—Stg4 | [—0—EoC —m—5tg1 —:— Stg2 —*—Stg3 —%—Stg4|
Vertical 3, Vertical Displ., Vertical 4, Vertical Displ.,
Plane 3, Case 3 Plane 3, Case 3
— i ==Xz 530
540 2 510
'&&\ B < | )
.E \ 5 \
g g
m!; 470 l_: 470
4591‘ ——450
4308— 4308
025 .15 ©0.05 0.05 -0.25 -0.15 -0.05 0.05
v{m) v{m)
[—#—EoC —m—stg1 ——Stg2 —>—Stg3 —%—Stg4 | —4—EoC ——Sig1 —'— Stg2 —*—Stg3 —%—Stg4 |
Vertical §, Vertical Displacement,
Plane 3, Case 3
//3'539-
£ S 4001
< N
-]
g
ml_) ‘7!\
4304
025 020 0.15 20.10 005 0,00

v{m)
[-#—EoC —M—stg1 ——stg2 —<—stg3 —w—Stg4 |

Fig.6.37. Vertical Displ. - v along Height at Different Location over Plane 3, Case 3
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Vertical 1, Horz. Norm. Stress ox,

Vertical 2, Horz.Norm. Stress oXx,
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Fig.6.38. Horizontal Normal Stress ox along Height at Different Location over Plane 3, Case 3
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Fig.6.39. Vertical Normal Stress oy along Height at Different Location over Plane 3, Case 3
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CHAPTER 7

CONCLUSIONS

Cognizant to the result obtained for the three cases

analysed the following conclusion on the behaviour of the dam

Y

- under different stages of construction and reservoir filling can.

be drawn. However these cannot be'géneralized as only one height

and shape of the dam has been analysed on this study.

7.1. CONCLUSION OF CASE I STUDY

Effect of number of lifts‘for end of construction

1.

Horizontal displacements in boﬁh cases have shown similar
pattern. The upstream shell moves towards upstream direction
and che downstream shell moves towards downstream direction.
The maximum values are found at mid height in both the
upstream and downstream shell. The displacement is

negligible in the core. Horizontal displacement in single

1lift  case is found slightly '~ less than seven lifts

construction.
The location of maximum vertical displacement is found at

the mid height of the dam for seven lifts construction while

it is at the top of the dam for single 1lift construction. In

seven lifts construction the vertical displacement is more
in the core than the shell.
The maximum horizontal and vertical stresses for both cases

are found at the base of the dam and these gradually

‘decrease towards the top of the dam. The vertical stress

distribution shows more stresses in core than in shell for

both cases. However, the vertical stresses in seven lifts
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E céée é;é more'thén;éiﬁgle”iifﬁ'CaSég;fhe-ﬁprizonﬁal éﬁieségsl'
‘éfe:élmostAsiﬁi1;?;iﬁ the Fﬁo?qaéééfi; ; .
4.”.Singie;and‘seven_liffs analYéis_indiéate,some ?eﬁsion:on thé:pi
"hﬁfest:'ahdfftop éb%ﬁ_ﬁéighﬁl;df'”thé fdam.:near the- abufmentsgf
>(Plane 43)»‘extending ‘to 'soﬁe:.portibh -of ‘the »upstre;nl an&% %

R

downStféam faces of the dam (stress'gontoﬁr).

5;  To “study the‘valléy‘effécts,'it'isfbbserved that - the Valueé%

e
L

of'Stress'and‘deformatién on Piéﬂe;é'aré:only Slighfiy less

. than the -valﬁe§ on tPlané ‘1. ;Thé,vpéttern of stress 'aﬂd
deformation- distribuﬁioﬁ' also.tsiﬁilar with Plane 1 A(The‘
héight’ofnthe two planes i§ same) .

6. The vaiueé‘of_étréés and deformation on Plané 3 are redﬁced
to about 21-70% from Plane 1. The deformation on Plane 3 is
observed similar to the. pattern with Plane 1 while the

-stress pattern sﬁbws sdmé}tensile zone in this plane in thg

top 20% height of dam.

7.2. CONCLUSION ON CASE II STUDY

Effects of the ;?servbir fillihg have being done in single stage

and four stages

1. The reservoir filling is seen to. increase the horizontal
di;p;%ggment of end of éonstruction,stagénat.all interfaces
.ekcepf in the upstfeém sheli. The horizontal displacements
for single stage of full reéervoir filling is found slightly
leés'than four stages reservoir-filling. The upStream shell
has upstream movement at mid height and‘downétream movement
at top. At all 6ther verti;als'the_movemént is in downstream

‘direction at all'heights with maximum at the top.
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"The end of construction‘stage'vertical displacement in the

"upstream shell is observed to increase due to_uimpact of -

reservoir filling while the other zones do not show any

significant impact. The vertical displacement for single
stage is found higher than four stages reservoir fi;lihg.

Tﬁe stresses due to reservoir ﬁilliﬁg are affected in the
upstream shell and thére is only a small impact on the other

zones. The stresses distribution due to éingle'stage full

- reservoir filling is found more than the same obtained by

four stages reservoir filling

‘It is observed that the values of stress and deformation 6n

Plane 2 are slightly less than the values on Plane 1. The

pattern of stress and deformation distribution is however
'similar to that of Plane 1.

.On Plane 3, it is observed that the horizontal hormal_stress

gets close to tensiqn from the crest of the dam to the mid
of the height and thereafter increases to the compression ;t
the base of the dam. The deformation and the vertical normal
stress pattern is quite similar to Plane 1. The values on

Plane 3 are reduced to about 22-56% to that of Plane 1.

7.3. CONCLUSION ON CASE III STUDY

Effect of seven lifts at end of construction with four stages of

reservoir filling

1.

The horizontal movement of upstream shell in the upstream

. direction at first and 'second filling of reservoir is

attributed to the effects of softening of the upstream shell.

material. The horizontal movement in thé " downstream
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directiénvat.later‘filling’étaées;is“the*effect of water
.. load on the core..
_The vertical displadement onfthenupstfeam shell due to full .

Zreservoir‘ is about 40%  more in .respecta'of the end of

construction. However, the maximum vertical movement at full =~

' reservoir stage is still in the core on Plane 1 at two.thiraa”

the heightAabove base. .

o
o
* IR

It is observed from {the streSsesf'distributiony that the

'~ stress increases with decrease of height from-the dam crest

V'down to one thi;d of the dém height and below it the'stress

increases rapidly to reach the maxima at the base of the
dam.
At full reservoir filling, it is noted that the increase in

stresses in upstream shell was about 18-40% of the end of

>_construction stage but the increase in the core was only

4.

about 4-8%.

The similar pattefn of the stresses and deformations of

Plane 1 is found on Plane 2 with thé-valﬁes slightly reduced

from Plane 1. .

The deformations distribution on Plane 3 is similar to Plane

- 1 with reduced values. Fof.the stress distribution it is

observed that there is tension zone at the top of "the dam

down to the mid height. The values on Plane 3 are. reduced to

at about 22-66% of.Plane 1..

GENERAL OBSERVATIONS

In single stage construction the horizontal deformation is

similar  to seven stages construction but vertical

deformation is at top in single stage and it is at mid
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height in seven stages construction. The stress pattern is
simiiar in the two cases but vertical stresses in core are
more in seven stage construction case than the single stage.
Reservoir filling largely. affects the deformations and
stresses in upstream shell as compared to core and
downstream shell.

Single stage filling has higher values of deformation and
stresses as compared to four stages filling.

The stresses pattern on Plane 3 (near abutment) show tensile

stress on top 20% depth of dam and in wupstream and

downstream slopes.

SUGGESTIONS FOR FURTHER STUDY

The study has been done for one height and one slope of the
valley wall. Analysis should be carried out for different
height and different type of slope.

The study was conducted assuming a rigid foundation and may
be extended with a flexible foundation to take care of other
situations.

Further studies with inclined core could also be made
considering the creep effects and secondary compression
effect into account.

The study may be extended with seismic forces.
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