THREE DIMENSIONAL SEEPAGE ANALYSIS
BELOW A BARRAGE (BY FEM)

A DISSERTATION

Submitted in partial fulfillment of the
requirements for the award of the degree
of ‘
MASTER OF TECHNOLOGY
in
WATER RESOURCES DEVELOPMENT
(CIVIL)

By
- P.N. ZAMINDAR

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




CANDIDATE’S DECLARATION

e ——————————————————————————————————————————————
| hereby certify that the dissertation entitted “THREE DIMENSIONAL
- SEEPAGE ANALYSIS BELOW A BARRAGE” (By FEM) is being submitted by
Vme in partial fdlﬁllment of requirement for the award of degree of “Master of
Technology in Water Resources Development” at the Water Resources
Development Training Centre, Indian Institute of Technology, Roorkee is an
authenﬁc record of my oWn work carried out during thé period from July, 2003 to
June 2004 under the supervision of Dr. B.N.Asthana, Visiting Professor and Dr.

Ram Pal Singh Professor, WRDTC, IITR.

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

the award of ény other degree or diploma.

Dated: June 30, 2004 (P.N.Zamindar)

Place : Roorkee

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

best of our knowledge.

B ~ J—

——

(Dr. Ram Pal Singh) (Dr. B.N.Asthana)

Professor, WRDTC Visiting Professor, WRDTC.
Indian Institute of Technology, Indian Institute of Technology

Roorkee Roorkee

@



 ACKNOWLEDGMENTS

The author w1shes hlS smcerest thanks to Vlsmng Professor B. N Asthana,_ o

- Prof Ram Pal Smgh Water Resources Development Centre II T Roorkee for their -

valuable guldance keen mterest in. work, constant assistance and encouragement
-throughout the preparatton of the dlssertatlon » '
The author is also grateful to Dr. Bharat Smgh, Professor Ementus WRDTC and "
Dr U.C. Choube Professor & Head WRDTC for thelr valuable suggestton and 4
vencouragement ‘during the preparanon of this: d1ssertat1on
The author is grateﬁll to ofﬁcers and staff of Imgatlon Research Instttute Roorkee
| for prowdmg detatls on 2-d1mens1onal and 3 dlmenswnal seepage studles on models of
different pro;ects and valuable expenence on actual model study by Electro Hydro :
Dynamic Analysis (E. H. D A). | | |
The author is grateﬁJI to the authormes of computer centre, llbrary and staff of
WRDTC for their kmd support and ,help. |
The author is grateﬁxl~ to the Water Resources Department Govemment of-
Madhya Pradesh for ﬁnanctal and admuustratlve support for M. Tech course.
The author is also grateful to the tramee officers of 47'h WRD and 23"‘l IW M.
batch for their cooperatron . | | |
The author is gra_teful to his mother, family & alrnighty.'god for vcontinuous

inspiration in every field for the preparation of this disse. gion report.

P N. amindar |
Trainee Officer M. Tech. (Cwﬂ)
-WRD.T.C.LLT. Roorkee

i



CONTENTS *

- CAN DIDATE’S DECLARATION
ACKNOWLEDGEMEN T

CONTENTS
"LIST OF TABLES
LIST OF FIGURES

SYNOPSIS

CHAPTERS

1

!Q .

- @

INTRODUCTION | |
1.1 - Back ground of the study
1.2 " Necessity of the study

13 .. Scope of the study _
~1.4 , Orgamzatxon of the study

'LITERATURE REVIEW AND THEORY OF
GROUNDWATER FLOW
2.1  Historical Development of the study of seepage problem
22 - Theories and principles of. ground water flow
2.2.1 Energy-equation R
2.2.2 Continuity equation
© 2.2.3 Darcy’s Law and the sub soil flow :
2.2.4 Dupuit’s Theory of unconfined flow
23 Different Procedures for solving seepage problem
23.1. Graphlcal method
2.3-2 Hydraulic models
2.3.3 Electrical analogy method
234 Analytical Method

- 2.4 - Conclusion

. THE FINITE ELEMENT METHOD
3.1  General |

.32 Description of the method

iii

. Page No

@)
(i)

. (m)
i)
“(vii)

20
24
25
26
28
2-11
211
2-12
213
214

217 -

2-18
31
31

5



321 Discretization of the Continupm ! . "3-1
322 Selection of proper Interpolationor. - 32
, _' Displacement Model . ‘ - '

. "3.2.3 Convergence requirements o R 3-3

) 324 Nodal deg'reeréffreedom - k R ',‘-3-4;
325 Element stiffness matrix L . 3-4 |
326 Nodal forces and loads - o — :"3-5['

© 3.2.7 Assembly of algebraic equations forthe " - 3-6 -

overall discretized continuum

3.2.8 Boundary conditions R X
" 3.2.9 - Solution for the uﬁkﬁown‘ displacements R
3.3 Summary of the procedure = | R 1  - 1-3-8. _
34 Mathematicalmodel - . 39 .
) E 341 General ‘ N T 39
- 3.4.2 Interpolation function o - 3-10
3.43 Displacement ﬁ.l_nciion : . | 0 3-10
344 Shape functions = ' o R W11 |
345 Smains o 316
346 Stresse_s o ' R 319 -
347 Stiffness matrix : - - 320
3.5 Sign convention | ‘ | | o ' 322
3.6 Finite Element Method for field problems o | o 322
361 Stepsin Finite Element Method for 33
. fieldproblem | | . |
~ 3.6.2 Seepage Equations : C , - 3-24.
3.7 Processes in Ansys o o - 327
3.8 Ansys inputs . o : - 3-27
4 SEEPAGE MODELS A S |
41 Gemeral ¢ e o 44
B 411 Assumption in seepage analysis - 41
42 Modelling .~ . . - . &l

N\



5

421 Model —I floor wrth sheet prles at erther end
4 2.2 Modelhng of Kanpur barrage |

-RESULTS OF ANALYSIS
5.0 " General , S
5.1 Model I floor with sheet piles at either end. B

5.1.1" Summary of results " -

o 5.2 r Model 11 2-Dimensional model of Kanpur barrage

5 2.1 Summary of Results

- 5,3- - Model I Three-drmensronal model of Kanpur

barrage _

'53.1 Test condition 1
:5‘;3‘_';2," Test condition 2 |

: 5.3".3 wTest-condition no. 3

5.3.4 Test condition no. 4

5.4 Comparison of uplift pressures for different load

~ conditions

'CONCLUSIONS AND RECOMMENDATIONS

6.1  Conclusions

6.2  Recommendations

" 63  Future Studies

REFERENCES

ANNEXURE- : Steps in Ansys Solving 2-D Problem
- ANNEXURE-II : Steps in 3-D Analysis (Ansys Software)
ANNEXURE-IH Kanpur Barrage 2-D Uplift Pressﬂre

41
42

]
-5
5.2

53

5.3

53
C 56
58
5.10

512

6-1
6-1

62

6-2 -



'LIST OF TABLES

Table -

Description: '

section AS (X =98 m)

N "_‘"P.age No. .
No. , B :
4.1 Location of sections in x-direction - 4-6
42 E Locatlon of sectlon in z-dnrectlon , |- 46
5.1 ' Results of analysns uplift pressure and exit gradlent (ﬂoor B S 51
- 3 '_,w1th sheet piles at either end) .
52 Companson of uplift pressures results by FEM. under test 5-13 .
condition 1 with EHDA at Bay No. 1 of under sluicefloor~ |~ - = -
53 '| Comparison of uplift pressures results by FEM undertest =~ | 5.13
| condition 3 with EHDA at Bay No. 1 of under sluice floor “
5.4 _ Comparison of uphﬁ pressure for dlfferent test condmon '5-14
section Al (X .50 m) _ _ |
55 Comparison of uplift pressure for different test condition 3-15
section A2 (X = 62 m) | | A
56 Compan'sbn of uplift pressure for different test condition 5-16 - |
section A3 (X=71m) " - ' '
57 . Companson of uphﬁ pressure for different test condltlon ' 5-17
section A4 (X = 84.5 m) ‘
5.8 Comparison of uplift pressure fql‘-'diﬁ'erent test condition 5-18

vi




" LIST OF FIGURES

Fig. No. | ‘ _' o Description_"_ T . Page
1 , _ T L .. No.
121 |Bnergyequaton B Y
13.1 Solid 87 3-D-IQNode Tetrahedral_thermal solid , o ‘:' 3-10 |
132 - 2-D-four nodded rectangular elernent o R o 'V 312

33 S-Nodded quadratic (parabolic element) | ‘ - ] 313

,3'.4 o .8‘-'No‘dded cuboid element S 'v | 314

3.5 20-Noded brick element | - R 3-15

36 Streesveeterdeﬁniribn' 4 | R o ’ 322 |

4.1 | -_ | Floor with ehe_'et piles at either end | | | R o ) | 42

4.1a Meshed model of sheet pile at either end - _ | 47

42 Kanpur barrage under sluice bay section o ‘ - o | 4-8

43 ~ | Kanpur barrage, bay section - | ' . 49

43a ' Pla'n of seepage model for barrage floor o o ' : 4-10

4.3b : Meshed'.2-D seepage model - - | " _' 1 4-11 : |

4.4 Ka_npur barrage full model» ' ' ' » |42

4.5 Kannur barrage model (under sluice bayno. 1) =~ 3 | 4-12

4.6 - Kanpur barrage model showmg centre of under sluice bay no. 1 to 4 4—]3 ‘

4.7 Kanpur barrage model leﬁ 51de under slurce bay no. 1to3 B -7 B | 4-14

438 | Kanpur barrage model leﬁ srde under slurce bay no. l to 4 and dlvrde ' 4-14

wall . : , .

4.8a Meshed 3'3-D‘seepage model - - . 4-15

vii



4-15

under sluice bay under test condition 1. U/S potential 100 % D/S
potential 0 %.

4.9 | Meshed model with test condition 1°
1 4.10 Meshed model with test condition 2 & 3. 4-16
411 | Meshed model with test condition 4 4-16
5.1 Floor with sheet pile at either end, Potentlal CI)e @d, <Dc (I)f and 5-19
equrpotentral line - 4
52 Kanpur barrage 2D Uplift pressure - ‘ 5-20
53° | Exit gradient 2D Kanpur barrage - 5-20
5.5 3-D View of Kanpur Barrage pressure distribution test 5-21
condition 1,u/s 100 % d/s 0%
5.7 Section at Z=60 5-22
5.8 Section at 2?120; 3-D uplift pressure distribution 5-22
59 | Section Z=120 Contours 522
1510 Section Z=145 Contours 5-24
|5.11 | Section 2=34s Contours 524
5.12 The vanatron of uplift pressure at the center of the D/S floor under test | 5-25
: condition 1 U/S potentlal 100 % D/S potentiat 0 %. '
5.13 The variation of uplift pressure at the P3 (X=71m) of the D/S floor 526
under test condition 1 U/S potential 100 % D/S potentral 0 % along
the length of floor
514 . The variation of uplift pressure at the P5 (X=98m) of the D/S floor | 527
' " | under test condition 1 U/S potential 100 % D/S potentlal 0 %. Along -
the length of floor .
5.15 ‘The variation of uphﬁ pressure at the D/S sheet pile under test 5-28
' condrtron l u/s potentlal 100 % D/S potentral 0 %.
516 | The variation of uplift pressure at the P2 along the floor length of 5-29

viii




The vanatlon of uplift pressure at C3 (X=71m) along floor width of

1517 5-30° |.

' the D/S floor barrage bay under test condition l U/S potentxal 100 % '

D/S potentxal O %
5.18 The variation of uplift pressure at the C4 (X=84.5m) along floor width | 5-3 1
‘of the D/S floor barrage bay under test condmon T'U/S potential 100 | -
% D/S potentral 0 %.
5.19 4 The variation of exit gradient d/s sheet plle in under slulce bay ,from R .5_-'32 1
| bay No.1 to 4; under test condition 1 U/S potentral 100 % D/S T
potential 0 %. .
5.20 The variation of exit gradlent at downstream- sheet pxle in barrage bay, 5-33 |
- from bay No.1to 22, under test condltlon I U/S potentlal 100% D/S ' ‘
potentlal 0%.
.5.20a . - | The variation of upllft pressure along flow dlrectlon Ul(Z—60m) test | 5;34'.

" | condition] . e
521 3D View of i;pliﬂ pressure distribution test condition 2- 5-35 ‘_
5.22 The variation of uplift pressure along floor w1dth at Al(X—SOm) test 536 %

condition2 _ . :
523 The variation of uplift pressure along floor wrdth at A2(X—62m) test | 5-37 s
' : cond1t10n2 - :
524 | The variation of uplift pressure along ﬂoor w1dth at A3(X-71m) test - | 5-38
condrtxon2 '
5.25 The variation of uphft pressure along ﬂoor width at A4(X—84 5m) test | 539
condition2
526 . The variation of uplift pressure along floor width at A5(X-98m) test 5-40
' . condition2 . o
‘5.27 The variation of exit gradient at d/s of sheet plle test condition 2 | 5-41
a along floor wrdth : ‘
'5.28 3D View of uplift pressure distribption test condition 3 - 5-42
5.28a- Contour at Section U1 for__test condition 3 5-43- |
|5.28b Contour‘at_‘Secti‘on‘.U3 for test condition 3. 5-43 |

x




5.29

5.43

under sluree bay under test condition 4

| The variation of upllﬁ pressure at P3(A3) along the floor width of | 5-44
under sluice bay under test condmon 3
5.30 | The variation of uplift pressure at the P4 (A4) along the floor width of | 5-45
o under slurce bay under test condltlon 3
5.31 The variation of uplift pressure at P4 (AS) along the floor width of | 5-46
under sluice bay under test condmon 3
5.32 The variation of uplift pressure at C3 (A3) along the floor wrdth of |  5-47
barrage bay under test condmon 3 ‘
5.33 The variation of uplrﬁ pressure at C4 (A4) along the ﬂoor width of | 5-48
barrage bay under test condrtron 3 :
1534 | The variation of uplift pressure at G5 (AS) along the floor width of _'5-49 ‘
' barrage bay under test condltron 3 : I
1535 -The variation of exit gradient along the floor width of under sluice bay | 5-50
“at the d/s of sheet pile under test condmon 3 :
5.36 | The varratron of exit gradlent along the floor width of barrage bay at | 5-51
' the d/s of sheet pile under test condition 3 t
5.37 3-D view of uplift pressure distribution test condition 4 5-52
5.38 - The variation of uplift pressure at P4 (A4)along the floor yvi_dth of | 5-53
under sluice bay under test condition 4 potential (90% - 50%) '
5.39 The variation of uplift pressure at the P5 (AS5) along the floor width of | 5-54
' under sluice bay under test condmon 4 :
15.40 The vanatlon of. uphﬁ pressure at P3 (A3) along the ﬂoor width of | 5-55
under sluice bay under test condmon 4
5.41 - The _varratron of uplift pressure at C4 (A4) along the floor width of | 5-56 _
“under sluice bay under test condition 4 '
5.42 The variation of uplift pressure at the C5 (AS) along the floor wrdth of 5-57
’ under slurce bay under test condrtron 4 ,
_ The variation of exit gradrent at the exit point, along the floor wrdth of | 5-58




5.44

different: test condition

“The variation of exit gradient at the exit point; élong the floor width of 5”-59-'
barrage bay under test condition 4 : o
5.45 Comparrson of uplift pressure at section Al (X = 50 m) on ﬂoor for 5-60 -
different test condltlon ‘ : :
'5.46 | Comparison of uplift pressure at sectron A2 (X 62 m) on ﬂoor for |- 5-61
' different test condition - a
5.47 Comparison of uphﬂ pressure at sectron A3 (X 71 m) on ﬂoor for| 5-62
| different test condmon R
5.48 Companson of uplift pressure at sectron A4 (X - 84.5'm) on floor for | 5-63
different test condition - ; .
5.49 ‘ Comparison of uplrft pressure at section A5 X = 98 m) on ﬂoor for

5-64

Xi




SYNOPSIS

Hydraulic structures such as weirs and Vbarrages» on 'perr/ious foundation are
'gener'ally desigu‘ed on the basis of Khosla’stheory' considering 2-D sub surface flow

below the structures. The correct approach in the estimation of uphﬁ pressure below, ‘

| hydraulic structures (barrages) burlt on previous foundatron would be the one that takes
into account the 3- dimensional flow conditions - due to hrgh water table behmd the
abutments. The subsoil water table condmons have a marked- mﬂuence on the uplift

- pressures-in the. barrage floor adjacent to the abutments It is also zmportant to study the

vanatron of uphﬁ pressures due to vartatlon of water table. -

The practlce is: to take adhoc measures to control and. reduce the pressures on the
floors due to variation in water table elevatlon behind the abutments such as provrsnon of
mtermedlate ﬁlters, pressure relief wells etc‘._ Their efficiency -is not quantrﬁable. The‘ _
floor of the bay adjoinihg the abutment are designed for about 15 to 20% extra uplit
. pressure. In important major structures, this aspect is sometimes examined on electrical

analogy model. It has several limitations and is time consuming and costly.

An attempt is made in this study to work out analytical solution to the problern _
k The study is carried out using 3D-FEM techmque through ANSYS package program In

thls study as an 1llustratlon Kanpur barrage is taken as an example.

It has been observed that uphft pressure on the downstream floor of barrage
increases with the extent of water table elevatlon ‘behind the abutment and the safety
factor for exit gradient decreases with increase in water table elevation. The increase in
" uplift pressure and exit gradient is ‘si_gniﬁcant near the abutments. The 3D effect of uplift
pressure are obtained at 0.37L, 0. 28L 0.26L from the abutments, where L is the width
| . of the structure (abutment to abutment) for the potentlals behmd abutments at 100%, 90%
and (90% to 50%) respectrvely ' o



| . CHAPTER -1
INTRODUCTION - -

11 BACK .GROUND OF STUDY'
Study of seepage is lmportant not only from the pomt of view of ground water .

development but also from the pomt of view of desrgn of hydrauhc structures In the later -

~ case, water seeprng below the ﬂoors causes not only loss of. water but uphﬁ pressure on. .

the i 1mperv1ous floor of structures. It rhay-also cause prpmg against whreh precautlons are
‘necessary. ,, | N | -
| . Practicalllyt in. every hydrautic structure which is founded on" previous strata,
| seepage endangers the stability in two ways. | |
) -. Piping or underrhinihg, if exit gradient is hot with in pemlissi»ble lrrrrit.‘ -
(i) - Up hﬁ pressure lf in excess of the weight on the ﬂoor |
It is well known that all fluids flow from a pomt of hrgher potentlal to the pomt of h
1ower potential in all the dlrectlons Depending upon the gradlent avallable in any |
| particular direction the fluid ﬂow wrll, therefore, be generally three drmensronal
The correct approach in the estrmatron of uplift pressure below hydrauhc'
_-structures (barrages) burlt on pervious foundatlon would be the one that takes into
- account the 3-d1mensronal flow condltxons Generally 2-D analysis as per Khosla theory
~ is carried out and the ,upliﬁ pressr1res are increased in an adhoc manner in the bays.
~ adjacent to the abutmerlt._"-ln _important major .st'ructures 3.D eleetriCal V'analogy

_experimental model studies.are carried out.

11



1.2 NECESSITY OF THE STUDY |
| The general practrce of the desrgn is to.treat the sub sorl ﬂow problem under '
hydraullc structures‘as only two dlmensronal L .. | |
T he myestrgatton conducted in the ,Irrrgatron.l{esearch Institute U.P. [10]-0on the'_ :
model of Jagpura 4siphon‘-_constructed on Sarda main canal pr'o\'/idedpreli'able‘ evidence of
' the 3-dimensional ‘nature of 'seepage ﬂow L | |
_ In case of hydraullc structures (barrages). constructed across wrde streams'where
the wrdth of the ﬂoor is consrderably greater then its length, the seepage path of the ﬂow‘-‘ j, |
lines in the mrddle portron of the structure w111 be more, or less in vert1cal planes and can" -
: therefore be treated as 2 d1mensronal However even in such structures (barrages) the -
flow pattern: under the bays near the abutments wrll be 3 dtmensronal because the_
' seepage ﬂow from the pond raises water level behmd the abutments In cases where the :
) wrdth/length ratro of the structures (barrages) is small, the seepage ﬂow will be markedly -
'3 dimensional. The seepage flow in such cases wrll be through the porous medra below -
the structure as well as adjacent to it and behrnd the abutments. Apart from this, the eﬁ’ect o

of the ground water mound whrch starts burldmg up between bottom of the structures and

' the exrstmg water table due to mﬁltratton ﬁ'om the stream has also to be taken mto . 7

cogmzance in the 3 drmensronal approach of the problem The emstmg water table whrch |

eventually ﬂuctuates with the ground water mound has its effect on the ﬂow lines and the S

. seepage path and hence the seepage pressures under the ﬂoors get rnodlﬁed The correct. ; L

approach in the estrmatton of uplrﬁ pressure below hydraulrc structures built on porous_;f .

medra appears to be a 3-D seepage ﬂow



: The solutlon to the problem of partlcular geometry can be developed through
' systematlc study by elther of the followmg techmques | B .
| (i)‘ ' Hydrauhc model mvestrgatron N
(ii) E]ectnc analogy test . | |
(iii) Analytlcal method (ﬁmte element method). ’_
s SCOPE OF THE STUDY | |
e The obJectrve of thls study is to assess uplrft pressure dlstnbutlon on the base of

-barrage ﬂoor in addmon to ﬁnd exit gradlents near the toe of structure analytrcally usmg B

S '.Fmrte Element Method (FEM) In thxs study Kanpur barrage is taken as an example for

: 'study under drﬁ‘erent water leve]s behmd abutments and solutlon 1s obtamed analytrcally )
| ,by FEM The results have also been compared with Electro Hydro Dynamrc Analys1s o
"(EHDA) experrmental method used by Imgatlon Research Instttute Roorkee |
14 ORGANIZATION OF STUDY.
B The study is presented in 6 chapters The contents of each -chapter are brneﬂy
_ -glven below: | : l‘ |
A_'Chapter 1: Gives an introduction to the subject; necessity,-»objectives, scope of 'study and
- V-orgamzatlon of dlssertatlon report o | | | |
' :"Chapter 2: Deals wrth llterature review, mcludmg bnef hrstoncal development of ground .
,' _-vvater_ﬂow, the‘orres & prmmples of ground- _water_ﬂow, procedures forlsolvmg seepage -
' _'problems ’ | | | | |
o Chapter 3: Revrew of F EM and 1ts theory and apphcatron in seepage problem
"uChapter 4 Deals thh preparatlon of models in Ansys software model boundanes for-

. ~,seepage flow. The models prepared are as below

| 7-_".1-3 |



(D) Standard form (equal sheet plles at u/s and d/s end for honzontal floor)
' analysed n- CBI No 12 [7]
(u) 2-D model of Kanpur barrage

(111) 3-D model of Kanpur barr_agéj".

- Chapter. 5 Deals w1th result and ana1y51s This mcludes (1) vahdlty of ANSYS with

'Khosla experlmental and theorencal results (11) companson of 2-D results of EHDA and

. ,ANSYS (iii). comparlson of 3-D EHDA and ANSYS results under different test

'condmons (iv) determmatlon of flow length affected by 3-D ﬂoor under dlﬁ'erent GWL

" conditions behind abutment.

- Chapter 6; Contains conclusion, recommendations and suggestion for future studies.

W



Chapter -2

LITERATURE REVIEW AND THEORY OF GROUNDWATER
FLOW

2.1 HISTORICAL DEVELOPNIENT- OF THE STUDY OF SEEPAGE PROBLEM

- A rational basis to the study of subsoil flow was for the first time given by French
hydraulician Darcy in 1856. While flowing, ground water experiences a loss in energy
due to friction agéinst the surface of the particles of granular medium along its seepage
.path. This ._loss» per unit length traveled, or the hydraulic gradient is proi)ortionai to the
velocity of flow. The proportionality is expre_ssed mathematicélly by a Iineai%. equ.ation

known as Darcy’s law
=2
L

where

V = velocity of flow

L = length of the path of flow

K=A constént called the transmissiqn_ éonstant of “Hydraulic Cohductivity” ‘

The validity of this lé.w in relation to weir design was tested by Col. Clibbor;l in
1896 in conﬂection with probosals for repairs to the damages to Khanki weir on Chenab
river. Damages of khanki weir soon after construction gave food for 'thoﬁght to the
engineers resppnsible for construction & maintenance.

As a result of experiments by Clibborn the hydraiulic gradient theory of design of

weirs was developed by Ottley and Higham.



On the basis of Darcy’s work, signiﬁcént contribution to the subsoil hydraulics
were made by Boussinesq, Dupit, Forchheimer and Theim in the later half of nineteehth
century and niore recently by Dechler, Kozency Hazén King and Slitcher.

The hydraulic gradient thec;ry became generally accepted by 1898 in India.

In 1910 Bligh put forth his theory based on Col. Clibborn work. Bligh stated that
the length of the path of flow had the same effectiven;ss, length for length in reducing
the uplift pressure whether it was along the horizontal or the vertical.

Forchheimer de_:veloped a geometrical method of plottian sfream lines and
equipotantial lines in1911. This method is known as the flow net method for determining

' fhe potentials at various points in the flow field with a free surface.

In 1915 Colman carried out tests with models of weir rested on sand to find the
distribution of pressure on the base of the floor and the effect of upstream and
downsfream_cutoffs.

In 1929, Karl Terzaghi made a notable contribution to the design criteria. He
stlated and proved by. laboratory experiments that failures of structure occur by
undermining when the exit gradient is in excess o:f the flotation gradient.

The first full size experiments were conducted by A.N. Khosla around 1930, oﬁ
the upper Chenab siphons and the main conclusions derived from these researches gave
tﬁe idea that “Failure of structure would occur if the exit gradient exceeds the criﬁcal
gradient. It was also found that the outer faces of the venical cut offs has greater
efficiency than the inner f;ac'esi |

About the same time Prof. Warren Weaver developed his mathematical treatment

of the 2-dimensional flow of water through pemieable sub soil.



In 1934, Lane proposed his weighted creep theory as modification of Bligh’s
theory and suggested a weight of 3 for.vertical and 1 for hérizontal creep. In this theory
the flow was assumed to follow the line of contact between the structure of the dam gnd
its fou;adation. While this théory was an impr'ovement. on the original Bligh’s theory it
was empirical and lacked the background of rational or analytical basis.

In 1934, Héigh and Harza carried out investigation on the lines suggested by
Weaver and results were verified with electric model. Based on this investigation Harza
suggested that a cut of at the toe is necessary to have a safe exit grédient.

Thé problem of determination of uplift pressure on structure with sheet' pile was
studied by Pavlovsky and Muskat indépendently and results were found to agree with
those obtained by experiments based on electrical analogy. The effect of sheet piie on the
seepage below floors in two dimensional flows was analyzed mathematically by
Poluborinéva Kochina, Pavlovsky, Harr [4].

The rﬁethod of analysi_s employing electrical resistance network is simple and
perrhits easy representation of even complex boundary conditions and layered strata of
different permeability. |

The analytical solution of Laplacian equation for 3 dimensional seepage flows
with appropriate boundary condition is very complicated.

The study “Analysis of seepage in pervious abutments of dams” was carried out
by Twelker around 1957 [9] using flow nets based upon Dupuit-F orchheimer Theory for

flow with free surface. At U.P. Irrigation Research Institute studies, 1957 [10] were
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conducted on electric model of Jagpura syphon across Sarda Main canal to analyse 3-D

effect on structure.

2.2 THEORIES & PRINCIPLES OF GROUND WATER FLOW

Recent development in soil mechanics, better' knowledge of the behavior of such
soil strata and modern techniques of exhaustive sub-surface exploration compiled with
tho development of complex variables provided stimulus to the development of the
science of ground water seepage, so much so that today, most of intricate problem
connected with seepége and seepage pressure on hydraulic structures can be solved
: flnalytically or experimentally with appreciable degree of precision.
| In such problems, it is very well known that the medium of seepage, (viz) the soil
mass is continuous consisting of many inter connected openings. This medium may some
time consists of cavernous cells inter connected by narrow channels. A precise
description of the pore channels in soil mass is impossible. Ground water problems were'
?ot amenable to rational Solutions until the knoWledge of Darcy;s Law.
| In ground water problems we consider only the macroscopic flow across a section
léonsisting of many po;’é channels is taken as uniform.

Movement of water through soil does not only obey Darcy’s law but has been

N

gound almost all the fundamental laws of fluid mechanics as discussed below.

t
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2.2.1 Energy Equation

Arbitrary datum

Fig.: 2.1
The Bernoulli’s equation for non viscous incompressible fluids is given by

T 2
£—+Z+V— = constant = h
Vw 28 o
Where

p = pressure
vw= unit weight of fluid
V' = seepage velocity

g = Gravitational constant

h = Total head
Also,

L - Pressure head

Vw

z = Elevation head

Yy 2
— = Velocity head
2g v

The sum of which (1) at any point in the flow region is constant.
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In ground water flow, the loss of head due to the viscous resistance within

individual bores is act_:ounted for by representing the total head loss as Ah and the

equation becomes
772 17 2
§—+ZA +Z’—=P—B+ZB +£—+Ah
Y 28 V. 2g

In most of the ground water problems the kinetic energy (velocity head) as

- 2
velocity .015ft/sec. (21—is very small) being rather small, can be neglected and the
g .

equation can be taken as.

&—+ZA :P—E+ZB +Ah

YV Yw

n

At any print in the flow domain the total head is given by

h=F

=Stz
Y

2.2.2 Continuity Equations

Y

>
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Consuder an e!ementary paralleleplped f igure of‘ soil of dxmensnon O, 8 ,.Oz let A -
(xyz) be the center of thlS rectangular block and let Vs, vy and vy represent the :
: components. of seepage velocxty at the time t in x, y and z direction respectxvely let p.

represent the mass densxty of fluid.
The mass of fluid passing. through the area dy-dz through the print A 1s (P, vy, Oy,
dx) smce- PV 1S genera! varies in x direction for a given value of y' and z, the mass flowing =~

- through face dy, 8z per unit time will be

=pv55— (pv55)

xVy“z

= 5y'52[pv:('_«—.(pvk)_i] » o BV ‘ (l)
ox z

" The mass of fluid flowing out per hnit time
SRy

= (ovxﬁy.Sl)faG)vx.By.Sz_)—z'—
- =8y'8‘z[pvx'+a_x'(pvx)7} E o | . - o ‘ (2)
" The net rate of inﬂovs) of 1hass (subtract (2) from (1) |

-—s 8[ (pv )—— —g(pvx)f’;}

5, e o
—E(Wx)iﬁy 0,
Similarly the net raté of mass inflow through face 5. 8y.

s,
=*§(thxL5y.5
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And the net rate of mass inflow through face 6,0,
5, :
= —gy—(pvy ¥.5,8.
The mass of fluid is represented by p.6..6,.5.
The rate of change of mass = > p6.0,0,

The total rate of mass inflow into the parallelepiped through all the faces must be

equal to the rate of change of mass of the_p‘arallelepiped:

55,5, %2, )a 8,5, - : (pv
a ax

"~ (pv: )5x5_v§: -
Oz ) .

Dividing both the sides try 5 o 5 - and transposing’

x2Yy>

ap a(pv) a(,,v) &ev.) _

Which 1s conﬁnuity equétion in Cartesian co-ordinary system? For incompi'essible fluids

4@=0
ot

_ And the equation becomes

.. ! 8‘) "..)' ' . -
a:,+. » % | - R 3)
ox Oy Oz , : S

223 Darcy’s Law and the Sub-Soil Flow

The VFrench hydréulician Hehary Darcy in 1856 enunciated simplé relation,:



i

T ?‘:;-'?:“ i _%_"’Averagé 'hyd‘r"éqlieg'radiéiitf—j%f L

o K the coefﬁcrent of proportronalrty (otherwrse called coefﬁcrent of permeabrlrty)

havmg drmensron of velocxty

= 'f:_L Elementary length along the path of’ ﬂow

It was estabhshed by Reynold’s by serres of expenments that wrthrn the range of

: :lamrnar ﬂow there exists a lrnear proportronahty between hydrauhc gradrent and velocity -

- ofﬂow

Ground water ﬂow bemg mostly m lamrnar range Darcy s law grven an aceurate :
E representatton of the ﬂow wrthm porous medlum N . |

| - Darcy’s low can be taken as vahd when Reynolcl number is equal to'or less then
. As already mentloned the movement of water in many cases of seepage flow may
) -extend In three dlmensmns In studymg such problems we have to 1magme the velocrty of
: ﬂow -as havmg been resolved mto three components along the three Cvartesmn co-

" ordmates for 1sotrop1c homogeneous medla the vector law of Darcy represented by the

- equatlpon can be _wrltten as

| V =_k£3£f -
COH e e e
V:——, A ' - _ R S @)

*g
' o,
The equatlon of continuity is %+ 6; +— av
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-'.'>Where‘ p = mass density fluid -for incompressible fluid 'as in the present case

Smce the ﬂow of water in porous medrum is- srmllar to the ﬂow in mcompressnble
g ‘ﬂuld Wthh is assumed to replace both the water in the soxl and soﬂ 1tself The equat:on of

- "#contmurty reduces to -

o, ey +"’” 0 T sy

Th]S means that the volume of water ﬂowmg m an elementary volume of sorl
; durmg a certam mterval of tlme is equal to the volume of ﬂowmg out of it durmg the
.. -same mterval of tlme

By substitution of value of (1) in (2) we obtain the relation, .

" 9*H 8'H o°H
s st ot =0

Whlch is well knowh Laplacxan equatlon govermng the subsoil ﬂow?

The pressure head ﬁ.mctlon ‘H satlsfymg this Laplacran equatlon 18 called -
| potentral functlon | S
| Analytical solutnon of aeeoage problems mvblves solutlon of the Laplac1ar1
.equatlon with appropnate boundary condltlons in each partlcular-problem |
The ﬁmctlon is contmuous ﬁmte and smgle valued at all pomts of the medlum" ‘

. 'an'd‘the usual metth Of'SOhJUQn n potentlal 'th.eory. can be ‘employed, S
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 The equation for the 2 dimensional flows willbe

- 2H PH

-Dupunt’s Theory of Unconf ned Flow L
»The Dupult s theory of unconﬁned ﬂow stems form two main assumptlons -

_For small mcltnatton of the line of seepage the stream lmes of seepage the stream :

- lines can be taken as honzontal (hence the equ:potentlal hnes approach the

, vertxcal)»: »

The hydraulic gradient is-equal to the slope of the free surface and is invariant

“with' depth

' Though the nature of these assumptlons appears paradoxxcal the solutxons based

o .'on them have been found to compare favorably w1th expenmental values.

(i)

)

o)

o i)
)

Unconﬁned ﬂ_ow _through.sotls was analyzed by Forchhemer and later by kochina.
The other assum'ptiOns involved are;

E low is w1th in'the vahdlty range of Darcy s law

Soﬂ is homogenous

Flund-ts ~1ncompress1ble -

" The 'angularslope-of fre_e surface is -sn’tall' su‘ch that sin 0 =tan 0.

The ﬂow reglon cons:dered is such that the poxnt to pomt variation is. smal]

The velocnty of flow 1s almost honzontal 1e the vert1ca1 component of the

L velomty 1S neghgtble
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, DlFFERENT PROCEDURES FOR SOLVING SEEPAGE PROBLEM
\ Graphlcal method

' Hydrauhc_method T |
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o (m) Electncal analogy method |

\;(i{})_ Analytxcal method

o 2.’3.1 'Graphncal Method (Flow Net Method)

The method of graphlcal ﬂeld plottmg isa w1dely used method more popularly, : '__ L
known as “Forchhemer solutlon The process is begun on a scale drawmg of boundanes_ : :
: w1th ass1gned potentnals by plottmg any sultable number ‘of 1ntermed1ate eqmpotentxal-ﬁ .
lmes Flow hnes or stream lmes are then drawn to cut the: equlpotentlal hnes orthogonally‘ "
and to form curvnlmear squares The errors are corrected by systematlc 1mprovements as'
suggested by Taylor | .
Advantages |

-1)_l_ It reqmres httle equlpment and ylelds qurck results

K 2) i»_. It glves result with con51derable accuracy
: _ ._: 3) B ¢ grves clear 1dea about the subsoﬂ flow of water.
‘leltatlon & Dlsadvantages | »'
| 1) Graphlcal method is conﬁned to two dnnensronal.cases
2) ~4 Much expenence and foresrght are needed for correct representatlon ot‘ ﬂow net :
B by the tnal and error method B | |
‘ 2 3 2 | Hydrauhc Models .
o Hydraulrc models may be
: : (a) - V:scous ﬂuld models R
| (b) | Scale models |
Vrscous ﬂurd models are based on the pnrtcnpals that ﬂow through two parallel : '

plates placed at very small dlstance apart follow the Laplacxan equatlon The model is
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- ﬁtted in and the fluid usually» water orl glycenn 1s made to ﬂow under the. model from the
":r"upstream to down stream side. When the ﬂow become_) steady the stream hnes canbe
'traced by addmg a colored solutron of the same flmd at pomts and markmg or |

'v"_‘iphotographmg the path of such hnes Then equlpotentlal lmes are drawn orthogonal to -

:'}-'the stream lmes : | | '
| In hydrauhc scale ‘model sand s ﬁlled between two parallel plates The pressures
- are observed by means of plezometrlc ptpes 1ntroduced at proper ‘points. The flow lmes-

. were made ws:ble through sand by pro_;ectmg potassmm chromate and snlver nitrate

- '.}separately As a  result. of chemical reactlon red precrp1tate of silver: chromate was_

r . produced along the stream lmes which become clearly visible.
’ _""Advantages of Vnscous Fluid Models

( 1)  Itis useful in grvmg a qu1ck plcture of stream lmes under any work.

: -,:'1 Dlsadvantages

The appllcatron of viscous fluid method’ is very limited.
| . Advantages of Hydrauhc Scale Model

L l). . The scope of hydrauhc model i is wide.

2) LIt oan; reproduce effect of stratiﬁcation and 'ter{nperatu'reyariation. :

- 3) '. Hydrau‘lic‘model can reproduce tail erosion‘and can eff'ectivelydsho\'iv. the behavior .
-l of -the standing wave and damage: lik‘ely to "occur'-fro‘rn various conditions of - -

: -.surface ﬂow( o
4) 1 The accuracy of hydrauhc model is wrthm permlss1ble.11m1ts ie. reasonable

o ,A'Dlsadvantages or hmttatron of hydrauhc scale model
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. -_-lff'l) In hydrauhc models the scale and shape of model and the relatrve srze of pressure
pomts are the‘ major source of error. e |
2) o ’In much smaller scale hydrauhc model caplllary force will, yrtlate the results.

| 233 Electncal Analogy Method | | ' |
. " Electrlcal analogy method is- . most common' method The analogy developedi .
| . between the flow of ﬂu1d through pressure medla whrch follows Darcy s law and ﬂow of ‘ .,

p electncny through on electrolyte Whlch follows Ohm’s law is used Two dlmensronal as"
- well ‘as three d1mens1ona1 problems can be solved by thrs techmque Thrs techmque can‘
E “be employed w1th reasonable_ accuracy to 'determme pressur_’e under werrs, ﬂow towards. ,
| Tube'-Wells ﬂownet in-earth dams ﬂow nets in -galleries and coffer:dams’ -

‘The electrlcal analogy techmque was first tned for the study of 2-drmensronal

A‘ 'v:-' problems of seepage through porous medla by Pavlovsky The ﬁrst successﬁ.ll attempt for '
v _the use_of this techm_que in the studyv of 3 drmensronal‘ seepage' »problems _was made by

"._Reltov in 1933. The technique was letter employed by the Poona research station, U.S.

o . Amly water ways experiments station Vicksburgh, Irrigation Research Institute Roorkee.

It can be shown that there is anljinteresting analogy between the ﬂow'ol' -electric’
~current thro'ugh- a homogeneous conducting' ‘medium"and the ﬂow of water_ through a -
_.'por'ous' medium. | - T

» The.l;aplacian*equatlon for the seepage ﬂow of water through avpoirous medium .

i and for the ﬂow of electncxty n homogeneous conductors are ldentrca] the analogy wrll

) be more clear by companson of the two, laws viz. Darcy s law and ohms law as under o
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i -Darcy’slav&’..i, S e SOmmislaw

e KAH o S 1: KAy -

| : Q— Rate of ﬂow of" ﬂuld B | | =;Rate of flow of .eleetricity_

'K- Permeablhty coeﬂ" cient of porous rnedla ' K = l;condnctivl;t:y'.'e_oeﬁ'xcient of )
R ‘-ele;ct_rolyte S

, A=Area of eross s_eotion: for the ﬂo\v of yvater 3 A= Area ‘o.f v »cros's - section for the
. e | flow ofCUrrent |
H_'= Head causing floiv_ EE - L - . V=voltage causing current..

L =lLe-ng'th of path of ;p,ercolation _' S -.Ll’ = length of path ol' eurrent; ‘

Itis qurte evrdent form the above comparlson that there exrsts a strlkmg s1mnlar1ty

between the two laws and hence the seepage ﬂow ean be represented by an electric

2 model o | |
- Advantages of Electncal Analogy Method
| 1) ' Electric analogy method is rnuch qmcker then hydraullcmodel rnetllod.

_ 2) The equipnien_t_ is brief simple to _setup. Reading oan be falcen very quickly.
. f 3) Since probew-i's' ﬁne point. which ean‘locate the p-osition. of any '.Pr‘es‘s'ure point with
. | great precisiOn. Electn'cal analogy‘method 1s more accurate then-hy(lraulic model .
ana'logy | o B
' 4) B » Many complex problems whlch mlght have been dxfﬁcult to solve can be solved
e by electncal analogy method | o
‘ Lxmxtatlons of electncal analogy method
' -l,('i.).'. Electncal analogy methods yleld good results only for ﬂows wrthln the range of |

, Darc_y_. S 'law. s



@

In problems of 1rrotat10nal ﬂow e g ﬂow around submerged bodres of revolutron, B

TN

1f separatlon occurs the results in electncal analogy are’ no longer applrcable as y

o (111)

,:'(i.V)

) o

(i)

(i)

such ﬂows can not be represented in analogue

There is no analogous force to the force of gravrty to produce or represent

| _pharatrc surface o
-"The geolognc feature hke faults ﬁssures dtps beddmg planes etc cannot be -

accounted for in the techmque

Amsotropy of the sonl is not truly accounted for
The top flow hnes must be located mathematrcally or by sand models
The permeablllty coefﬁcnent of the soil ‘and’ the electncal resxstance can not be

related to each other and such dlrect assessment of the quanttty, seepage below - -

| the structure is not pos51ble

The workmg llrmtatlon such as ﬂuctuatlons in 1mpressed voltage thlckness of

1nvest1gatmg ,probe, varying ternper_ature _and -pH -_value of electrolyte ‘solution,

dissolved air and polarization on electrodes, unevenness of surface of copper plate

an‘d .non uniformity of Resistance of potentiometers wire, are always present in

* - miodel expenments |

The reproductlon of prototype condltlons by reductlon in scale of models shape
and srze s of model tray hmlted depth of electrolyte for mﬁmte depth of aquxfer

W:dth of copper plates representmg pervrous reaches is not complete in model

repre_sentatlon. -
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2.3. 4 Analytncal Methcd
| Analytlcal method aims at the solutxon of Laplace equatlon mathematrcally which |
'can be done w1th the help of' conformal transformatlons and con_]ugate functlons In this
»method boundary condltlons of the problem are. expressed by equatlon and solution
""'obtamed mathematlcally The method glves exact solunon of the problem although the
.method becomes mvolved for comphcated boundary conditions. -
) Advantages of Analytlcal‘Method - “ | |
@ Analyti'cal method is accurate method .
Limitation: =~~~ |
_ For complerr boundary cOndltion, jtis very cumbersome to .solve the problem
Now wrth the help of powerful dlgltal computer these complex problems can be
_.solved by ﬁnlte element method up to desrrable accuracy o |
; 'Flmte Element Method |
ngh speed electromc digital computers have enabled engmeers to employ various
-numerlcal dlscretlsatlon techmques for approxlmate solution of complex problems. The
. fimte element method. (FEM) is one such technlque It was ongmally developed as a tool
for structural analysrs but the theory and formulatlon have been progressrvely SO reﬁned
and generahzed that the method has been apphed successfully to such other fields as heat
. ﬂow seepage hydrodynamlcs and rock mechamcs As a result of broad appllcablhty and _
the systematlc generahty of the assoclated- computer codes, the method has gamed vwrde
acceptance by desrgners and research engmeers . o |
Fi 1n1te element method or ﬁmte element analysxs some times abbrevnated as FEM

- or FEA was first 1ntrodu_ced by R. Courant_m 1 9_43.-He proposed breakl_ng a contmuum‘ B



, problem mto approxlmatlon wrthm the tnangular reglons and replacmg the ﬁelds with

: _plecewrse approxrmatlons w1th1n the tnangles and 1t was probably establxshed by severall _

" : ploneers almost mdependently But substantlal development took place aﬁer 1966 when' o

L ) '<Clough and Wood Ward mtroduced ﬁmte element method to the geotechmcal o

Zengmeenng
Many of the equanons govermng the flow problems are non Imear and most of the .
Vnatural condmons are extremcly complex Analytrcal (closed fonn) methods are usually ’
- not suitable for such problems and recourse to ‘the recently developed numencal methods o
B 'becomes necessary Finite element method is technlque where by drfficulty‘ of |
'_'mathematlcally solvmg large complex geometrlc problems are. transferred ﬁ’om. a
o ‘d1ﬂ‘erent1al equatron approach toa lmear algebralc problem .
24 CONCLUSION | , |
' . From the above’ hterature review, it may be concluded that ﬁmte element method
' 1s a. sultable techmque for 3- d1mens1onal seepage analy51s The -v.det.alls are given in ‘. '

chapter 3.
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CHAPTER3 -

THE FINITE ELEMENT METHOD

3.1 GENERAL
| The ﬁmte element method is a numerlcal analysrs techmque for obtalmng |
| approximate solut:ons to a wide variety of engmeermg problems hke analyzmg structures
_ for stresses and deformation‘,‘ surface and subsurface floors for hydraulic, structures. The
most distinctiye feature of :ﬁnite element method that separates it 'from others. is the
division of a given domain into a set of sub-domzti'ns, called elements. The ﬁnite element .
procedure produees many simultaneous .‘alg:ebraic equat_ions,- yvhioh are generated ‘and |
solved on a Adigltal- Acomputer.. Results are rarely exact. Howeyer; processing more
equations minjmizes erTors, andresults become accurate.enough for engl-neering purposes
at reasonable cost g | | |
* Using such elements the structural 1deallzatlon is obtalned merely by dividing the
original continuum into segments all the material properttes of'the original system bemg
' retamed in the individual elements This is known as dlscretlsatlon Instead of solvmg the
problem for entire body in one operatron, the solutlons are formulated at each constxtuent

unit and combmed to obta.ln the solutlon for the onglnal structure.

3.2  DESCRIPTION OF THE METHOD
3.2.1 Discretizatiou .of the Continuum |
Discretization: is the.process in which. the giyen body.is subdivided into an
'equtvalent system of finite elements Hence the body of the structure is essentlally a piece |
of the whole These elements provrde natural representanon of the propertles of the
original continuum. It may be noted that the contmuu'm' is snnply zoned into small
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_ regions by i 1mag1nary planes in 3 D bodies and by 1mag1nary hnes in 2-D bodles The ﬁrst,
decision 1s'to make the chorce of the elements type The boundanes of ﬁmte element may
be stralght or curvnlmear. -

| The size of the element and the number in which the contmuum is- te be
dtscretized depends upon the chorce of the designer. As : a general guldehne it can be sald
that where the stress or strain gradients are expectecl to .bevcomparati'vely,ﬂat Le. variation
is not: rapid, the mesh.can be coarse to reduce computations. Whereas in th’e.'zones in

- which stress or strain gradients are expeeted-t_o be steep i.e. pronounce variatien oecurs‘ a

finer mesh indicated to get more accurate results. Theoretically Spea.king to get{an*exact ‘_
solution the number of nodal points vis ﬁnite. Soa 'eempromised, has to be macle between

computation effort and corresponding accuracy.

3.2.2 Selection of Proper Interpolatlon or Dlsplacement Model

In ﬁnlte element method we approxxmate a solution toa comphcated problem by 4'
subdividing the reglon of mterest inte_ ﬁnite number of elements and representmg the
* solution w1th1n each-element bya relatiyely sirnple ﬁmc'tion.of polynomials lf;‘or ease of
computation. The degree of _“the polynomial chosen depends on the number of nodes
assigned to the element. B | |

| For the triangular element the linear polynomial

¢=a1+a2x+a3y ‘. ” ; _ : v : - V(3_1)

is appropnate‘ -

where a1 , 02, and oy are constants whlch can be expressed in terms of o1, $2 and '
¢3 which are'the"Values of ¢ at these--nodes. | |

For 10 nerie tetrahedral element, a quadratic yariation is given by
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b = ot + aax + o3y oz + asx’ Fay” ¥ oz’ + agxy + alo XZ + aieyz  (3.2)

To have a complete pbly_homial of n™ order, the tetrahedral must have -

é (n+1)*(n+2)*(n+3) nodes when ¢ is the only nodgl variable.
For the four nodded_quadﬁlatefal the bilinear function
¢ =‘voc1'+ 02X + a3y + Xy : ' (3.3)
is ap-propriate.' |
Eight node Quﬁdrilatgral haﬁ eight o in | its polyﬁomial expansion and can .
represent a pafabolié function. | | | |
Equation »(3.1A) and (3.3) are interpolations of function ¢ in terms of the position

(x, y) within an element.

3.2.3 . Convergence Requirements |

In any acceptable numerical formulétion the numerical solution must converge or
" tend to the exact-solution of the problem. For this the criteria are: -

;1) Displacemént m_(')delsv must be continuous within the element and the

diéplacements must be compatible within the adjacent elements. |

The first part is automa;icaliy satisfied if displacement ﬁlnétioné are p'olyndmials. B
The second part implies that the adjacent elhements. must deform withéut céusing |
openings, overlaps or discontinuities between them. This can 5e satisfied if displacements
along the éide of an element depend "or_lly upon dispiacements of the nQdes occurring on
that side. 'Sivnce‘ ;hé displacements of nqdes on corﬁfnon boundary will be saﬁe, E

displacement for boundary line for both elements will be identical.



b) "'_I‘he:_displacement inodel' must include Ariéid' body- displace—me'nt of t-he_. '
~ element. | . . R
‘Basically, this condition states that there should exist such' combinations of "value' :
of eeefﬂcien_ts in displacelr_ient timction that cause all points in the elements to experienee’ |
the same'disnlacement.- . | |
. c) The displecement_mode'l must: include the constant strain stress of elements.
This means that there sheuld exist such combinations of va]ues of the c.oeﬁ'lcients ‘
in the displacernent functiori thathcause'all noints- on the element te ext)erience the same
strain. The nece531ty of thls requxrement can be understood 1f we 1mag1ne that the
continuum is. dmded into mﬁmtesmally smaill elements In such a case. the strains m‘-
each element approach eonstant values all over the element. The elements, _which_meet -_~
ﬁrst Criten'on, are called compatibte er' conforming. The el_ements which meet second an_d
- third criteria'are called complete‘. For platn Strain and plain stress and 3-D -'el.asticity- the.
three conditions mentloned above are eas11y sattsﬁed by linear polynomlals
3. 2 4 Nodal Degree of Freedom | |
The nodal displacements, rotations and/or stniins necessary. to spectfy cotnplete_ly' |
the deformation of finite elements ot the parameter assigned .to an elem'ent'are called
degree of freedom (DOF) of elements. ) | |
3.2.5 Element Stiffness Matrix -
The equilibrium.equation derived from 'p'_rinciple of minimurn potentia[‘ energy |
- - between nodal loads and nodal displacenlents is expressed as -
{F}e [K]e {é}e |
: Where {F}e= nodal force vector |

[Kle = element stiffness matrix, and
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{ 5}é = nodal displacement vector.

The"s_tiffnessi rrta'trix'convsists of the coefficients of equilil‘)_r.iurn‘ equa_tions deriyedv
from materlal» ‘andf' 'geonll_et,ric 'orop_erties_of, the elerheht. _ Sti-ffne'ss of a "stru_'cture is an
influence coeﬁicicnt that gives the force at one ooint-on a structure associated with a unit"
displacement at the same or a different point.

Local ,'m'ate'rlal properties as stated above are one of the factors, vwhich determine
stiffness matn’x. ‘For'an ‘elastic" isotropic hody,l l\/Iodulus of elaSticity (E) and Poison’s
Ratlo (v) define the local matenal propertres The stlffness matnx is- essentlally a
symmetnc matrix, whrch follows from the principle of statlonary potent1al energy, that
“In an elastlc structure work‘done by mtemal. forces is equal in magmtude to the change
in strain energy”. And also from_Maxwell Betti reciprocal theorem which states that: “ If :
two sets of loads {F}; and {F}2 act on a structure, work done by the-ﬁrst set in acting
| through displacernents lcaused by the second set is equal to the work done by. second set

in-acting through displacements caused by first set”.

3.2.6 Nodal Forces and Loads. N

..Generally when subdxvtdtng a structure we select nodal Iocat1ons that coincide -

with the locatlons of the concentrated external forces In case of drstnbuted loadmg over . .

“the body such as water pressure. on dam or the gravity forces the loads actmg over an
. element are drstnbuted to the nodes of that element by prmc1ple of minimum potentlal E
energy. If the body forces are due to gravrty only then they are equally dlstnbuted among .

‘the three nodes of a triangular element.



3.2.7- | Assembly of Algebliaié Equa.tio'ns.for' the Overéll Discretized Contiréuiufn.
Tﬁis pfééedﬁfe includeé -the. assémb_ly 'of Qvefall or giobal' Sti_ffness nvlzvatﬁx:for‘the '
entire‘body frofn .individual_" stiﬂ‘nes_s matrices of the elém'ents and the overall or gicsbal.'
" force or io;id vectors. Iri-general the basis for an ‘assembly methpd is that the. nodal
intercoﬁnectiéns require the displacehent at a node to be the same for ,éll e.lén.llents.
adjacent to. that. node. The overall- eduilibdum relzitions,between global ‘sti'ffness matrix
[K], the total load vector {F} and the nodal ;_iisplacemént yector_'fof' enti'ré bédy {3} is
ekpressed by a set éf simultaneoué eqixations«.- | - | .
K1 (8} = {F}
The'global stiffness matrix K will be _barlxded'anc'i‘ also symmetric of AéAizé of nxn
- where, m = .total number of nodal poiﬁtsv in the entife' _b'ody.A The -steps involved. in
generation of gloBal stiffness matrix are: : | | o
i)  All elements of glﬁi)al .st.iﬂ'ness matrix K] are éssumed- to be eqinél fo zél;o;
ii) Individual element stiffness matrix [K] is de,terinined succéssiveny;- |
i) The élemént kij of eiement étﬁ‘fﬁéss métrixI aré d-iréét‘ed fo _tile-addréss Jof |
element K of glob:ﬂ stiffness matrix which mean‘sﬂ :
Ky=% iq,- : |
| Similéx_’ly nodal load {F;}® at a node ‘i” of an elemlent_,‘e’ is dirécted_ to the |
address of {F;} of total load w.;ectdr ie. | -

_{F‘}.éz{i’i}e@ "



' 3.2.8 Bo.'undary éonditions:
A .problemv in solid mecheinics is_- not‘ cornpletely -soeciﬁed'unless boundary o
conditions are prescribed. B‘ound'ary conditions arise froni. the fact that at certain points or_ -'
near the edges the displacements are prescnbed The. physrcal srgmﬁcance of thlS is that a - |
| -loaded body ora structure 1s free to expenence unhmited ngtd body motion- unless some
- supports or kinematic constramts are rmposed that wxll ensure the equ111br1um of the
loads. These conditions are called the boundary conditions. ‘There are two basic types of
-boundary cond.itions:,' geometric and natural: ‘One, of .thekprinci’pel advantages 'Finite
: -Element‘Method isA we 'need. to Aspec':ify only geometric boundary conditionsz and the
natural boundary condltions are 1mp11c1tly satlsﬁed in the solution procedure as long as
- we employ a suitable valid variational principle. In other numerlcal methods solutions
are to be obtamed by tnal and érror method to satlsfy boundary condrtlons whereas in -
Finite Element Method boundary conditions are mserted prior - to solvmg algebraic; '
.equations and the solution is obtamed directly thhout requiring any tnal
3.2.9 Solution for the- _Unknown Displacements
| 'The ‘algeb-raic' equations [KI{8} = {F} formed are solved for | unknown v.
-diSplacement:s '4{8} wh'ere.i.n', [K] and {F} are already determined. The equations can be .
-, »solved either by ‘iterativ-e _or'elim_inationi procedure. .Once the.‘ nodal " displacements eire '
-‘found, then elements strains o'r’stre's-s can be easily found from generalized.-'Hooke’s law
for a linear isotropic material ‘ |
| The assumption m I:dis;;)‘_l_ecemen_t function -i‘s, 'the:stres_ses o__r: strams are constant» at

~ all points over the element, may cause discontinuities at the boundaries -of adjacent -

elements. To avoid this, sometimes it is assumed the values of stresses and strains



obtained are for the centers of gravity of the elements and linear variation is assumed to

calculate them at other-points in the body.

3.3 SUMMARY OF PROCEDURE

The principal computational steps of linear static stress analysis by Finite Element .

Methodvare now listed.

)

iii)

Input and Initialization: Input the number of nodes and elements,. nodal co- -

i ordinates, structure node numbers of each element, material préperties, '

temperature changes, mechanical loads and boundary conditions. Reserve

storage space for structure arrays [K] and {F}. Initialize [K] and {F} to null

arrays. If array ID is used to manage boundary conditions, initialize ID and

~ then convert it to a table of equation numbers.

Compute Element Properties: For each element, compute element pfoperty
matrix [k] and element load vector {f}.

Assemble Tﬁe Structure: Add [k] into [K] and {f} into {F}. Go back to step -
(i1), repeat steps (it) and (iii) until all elements are assembled. Add external

loads {P} to {F}. Impose displacement boundary conditions (if not imposed

implicitly during assembly by use of array ID).

Solve The Equations: [K] {5} = {F } for {é}

- Stress Calculation: For each element extract nodal D.O.F. of element {5}e

. from nodal D.OF. of struéture{S}. Compute mechanical strains, if any and

convert resultant strains to stresses.
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34 MATHEMATICAL MODEL |
341 General .
: Mosf Engiﬁeers and_ 'Séieﬁtigts' siudying_ physiéai phe_ﬁoméﬁa aré ,'invélved with' .
two méjo__r tasks: | o | |
I Mathématibal fdrtnﬁlatibn- of the physwal brbcess_. |
2. . Nufnericél analyéis.of the mathematiéal model.
_ Dé'\'/éloénient of “the mathematidal quel of a proées"sl s achieved thréugh |
assumption§ concérning héw '_thé prédess wérks.. In .a. humerical éimﬁlation,»_ we use a
" numerical méthod and af Coﬁ;puter- to evallu;ate the '_mitﬁem‘z.lvtiicrél' ‘model. While the‘ ‘
deﬁvation of the goyerning eqﬁationslfor, r-nos‘t_» 'pfoblérhé. is n’ot. unduly dlfﬁcu]t, their
‘solution by exact methéds of . analysfs is a foﬁnidable task. In such cases, }approximate
_ méthbds of Analysié provide.altema'ti\-ré mgaﬁs of ﬁridi_ng solution. Am§ngs’§ this Finite
Element Method is most fr’équent’ly used. |
Finite Element Methoﬂ is éndﬂwed with three -Basic features;
i. A gelometricaﬂy “complex .d-omai_n ovf "the probfem ‘is represented as a - .
"coi]ectjbn ofgec)metﬁéally simplé sub domains called finite elem'ents.'
ii. OQgr each elgmgnt; the appfo}chnation ﬁmctib_né, are cierived using the basic |
: ideé ;chatyany coﬁti-nuous“ ﬁﬁct_ioﬁ can be represeﬁtéd.bj} a linéaf cfombirx’ation'
_ of algebraic pélynomiais. - |
il Algebraic relatiéns among the undetermined coéﬁiciént; (ie. novdgl values) =

are obtained by Saﬁsfying’ the governing equations ovi;r- each element. - -



The- appréximation ﬁmctiens are derived using Concepts from’interpdlation theory
and are called- mterpolatlon functions. The degree of mterpolatlon functions depends on
the number of nodes in the element and the order of differential equatxon being solved. |
3.4.2 Interpolation Functlon

The 'ﬁnite element approximation U(x,y) _'of u(x,y) over an element Q° must
satisfy the following conditions in order for the approximate solution to be convergent to
the true one.

1. U° must be differentiable.

2. The polynomials nsed to represent U° must be cdmplete (ie. all terms
beginning with a constant fenn up to the highesf order used in the
polynomial should be included in U°). |

3. Allterms in the polynomlal should be linearly mdependent

The number of linearly independent terms in the representation of U“ dictates the
shape and number of DOF of the element.

3.43 Displacement Function

SOLID87 3-D 10-Node Tetrahedral Thermal Solid

" Figure 3.1 :
13.10



A 10 nodded isoparametric finite element is shown in fig. 3.1. For a typical finite
element ‘e’ defined by nodes i, j, k etc. the displacements {f} wi}hin_ the element are

expressed as: -

neNGr |
where[N]=[Ni Nj N .. o j | - (4
| and {8}°= {8 & Bm ..} o R

- The components of [N] are in general functions of position and {3}° represents a
listing of nodal displacements for a particular element.

- For the ‘thrée dimensional element

(3.6)

. represents the displacements in x, y and z directions at a point within the element
and -

U [

K - en
W'. . :
are the corresponding displacements of node i. -
[Ni] is équal‘ to [IN] where N; is the shapé function of node I and I is an
identity matrix. | o :
3.44 Shape Functions

The shape functions of a 10-node 'isoparametric tetrahedral element used in this

study (shown in fig.3.1). are given by the following.
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- At'c':o-_mél".nodes"(n‘ode‘ numbers .[,.J,.‘K,' L) : o | |
| 'Foif_mi;l 'si-d_e.nodé_,s: : | o L -
i "‘:'NM.='4L'1,L’2? - . o  _ (3.{85) 
i) '-No=’4LJ;3' - o L (3.8¢)
iii) Np=4LLy. | R : o N ~ (38d)
W Nealo o gs
W Nedldse - gsy
Where;Li+Lz+L3+L;‘=l o | - : o (39)
| L1, Lz, L3 and L4 are tile local »(vo'h;xme):coor'c‘iinafes' of fhe :poi‘n"t éoncgfﬁed, a
The other elemepté use_d in 2-D 7anc.i. 3-D énﬁlysis are given in figure 3.2 to ﬁgure '

35 B

LY
(or Axial) ¥

L —> X (ar Ratial) T

PLANES5 2-D Thermal Solid ~

(Triangular Option)

_Figure 3.2 2-D four nbddedirectangu‘lar element) : )



The shapé' fun&tioh‘ fdr fo-ur"n'ddd’ed reétangulhf element used in .analysis
(Plane 55 2—D thermal solld) are gwen by the followmg:

. N.~—1/4(1+§., )(1+r|o ), whereE_.o ?;*F,. 1|0 1" m% |

K,LO

x.(m-R;nm)r © _‘
| | Pumsn 2-D 8-Node Thermal Solid

" Figure 3.3, 8 Nodded Quadratic (parabolic element)lelement.- ]

The shdpe functi_o'd for 8 nodded qu‘adratic- element _uSéd .in an_n:ilisis (Plane .. |
77 2-D thermal solid) are givéd by'th:e. ﬁ')llowi:ng:': -

At corné‘r nodes ’(dode numbeﬁ LJK L)

'N;—l/4(1+§0 )(1+110 )(-1+ §o o) where 50 g §i Mo=" M,

E For mid side nodes (Node O&M)

: Ne1/2(1- £2 ) (1+10 ), where &= 0,mo-1,

*For mid side nodes (Node PEN)

N=1/2(1- 92) (1+50), where &= +1, 1.0,



. M 0P -
I g KL

3 _
- (Prism Option)

o MEOP

* K 1 '

SR ‘ 'K,Lm
('Ieu'Mondptiqn) IR

X

Figure - - SOLID70 3-D Thermal Selid

Figure 34,8 Nédded' cuboid elehqnt. | |
. _'I’hé shabe functioli. for éight nodded cul»)ioid- element used ﬁn apalysis (Solid
70, 3-D .thbermal solid) are gi\;gn bf f;)li'(‘)Wil-lg_: | B |
| Shape fﬁnction for nodes ( I,J,K,’L,M,N »O,P)

Ni=L/8(1+50 )1+ )(1+50),
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MNOPUVWX

o (F’yramldOpnon)'

. g - R . S0UD90 3-D 20-Node Thermal Solid

- 'Figure'3:'5 20 Nodded brick element.

(TerahedralOpnon) L

The shape fnnctlons for twenty nodded bnck element used in analysns (Solld ' | ) _-: B

90, 3-D thermal solid) are given by followmg
At comer nodes (I LKL, M N, O P) o
Ni= —1/8(1+§o )(1+"|o 4o ) 2+€+11+C), Where, &~ a* 6
no=1* 1, Co— ¢ C-.
At mid nodes (R, T, V, X) |
Ne=1/4(1- 12) (1) (140 ) Where, &= a*atco—cm 1
At mid nodes (Q, S, W, v) |
NELA(L- ) (e X1+ )
- Atmid nodes (A, n, Y,Z)
NEUAQL- ) (1480 (110
| o 315



3.4.5 Strains
With displacements known at all points within the element the strains at any point -
- can’be determined. Six strain components are relevant in three-dimensional analysis and y

the strain vector canbe expressed as:

7

@
ox
() i
€, 5;
Gy aw ‘
= “ = 3 ) 3.10
{e} <e1y> <@+@¥ | ) ( )
le,. &y ox
LEKJ QV_+8_W_
oz oy |
ow Ou
.__.f_...__
lox Oz)
This can be further written as: o
{€}=BI{5}*=[B: B; Bx ...] {8}° (3.11)

in which [B;] is the strain displacement matrix.

[Bi] is given by
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— L 0 0
0 % 0
o 0 0 '%' o
Bl = . 2 R G.12)
ST e a R
z o
W
L Oz ‘ ox |

with other sub matrices obtained in a similar manner simply by interchange of -

subscripts.

For isoparametric elements

_ n n’ .n . :

x=2N;x, ;y= 2Ny ;2= 3Nz ;
i=l . i=] i=1 . :

u=Y Nu, ;v= DNV, ;w= D Nw (3.13)
i=1 i=1 i=1 .
The summation béihg over total number of nodes in an element.
Because the displacement model is formulated in terms of the natural coordinates

Li, L, and L3, and it is necessary to relate Eq. (3.12) to the derivatives with respect to

these local coordinates.

The natural coordinatesLL1, L2 -and L3 are functions of global coordinates X, ¥
and z. Using the chain rule of partialdifferentigtion we can write:

A A VT - S
oL, ox oL, oy o, o oL | ,,
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Performing the same differentiation with respect to the other two co-ordinates and

writing in matrix form

av] [ @ & (av) (V)

oL, oL, oL oL | |ac 3 |
<BN,.> _|ox oy oz *<6N,' 5'__;[J]<,G_JV_L> ' (3.15)
oL, oL, oL, OL,| | & %7 S

oN, & & & | |oN, oN,

oL, oL, oL, oL, | L&) oz

Where [J] is given by: -
e @ o ]
oL, oL L,
| & &y oz
= | (3.16)
] oL, oL, oL, '
ox oy .oz
oL, oL, oL, |

The matrix [J] is called the Jacobian matrix. The global derivatives can be found

by inve&ing [J] as follows:

raN'_ ] T '%\ '

& & |
oN, ON, -
2Ll =171 -1 i 3.17)

3 > > = [J] <5L2 . (
, A
N 62 J \a[qj
Substituting Eq. (3.13) into Eq. (3'. 16) the Jacobian matrix is given by
[ ON, oN, v, ]
fa o Fat Fat |
.ON, 0N, ON, | - _ :
/Y-
et Tan tan”



e, & P 21‘“
= % aNZ - N ) xl yl . zl
Il 7
oy,
(AN 1L ;
Stresses -

The stresses-are related to the strains as:

{o} =PI e} - {e, {0y}

oy

| (3¥19)_

Where [D] is an elasticity matrix contlaining the appropriate material properties.

{e, } is theinitial strain vector.
{o} is the stress vector given by,

) . , Do ‘ T o
o} ={o,, .0,, O, Oy, O, O, } and

{_o"0 } is the initial stress vector.

For elastic, isotropic material the eldsticity matrix is given by

[1-v v 0 0

1-v - 0

1% l—'v 0 0

[D]= E : o -0 - 0 .1__ d 0
T va—2)| - o2 o
0 0o 0 o —Z

| 2

0 0 0 0 0

0| (320)

' Where E is the Young’s modulus of elasticity and v is the Poisson’s ratio Vo‘f the

: mafe:ial of the element.
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Stlffness Matrrx

~ The strffness matrrx of the element 18 grven by the followrng relatlon '
{F} =[kT {6} '- f' | B (3}2'1”) T

' Where {F¥ is th'e' elemen't' nodal"'load ‘Vecto_r‘, {5}" 1s no.t'l'al dlsplacement wrector

and [K T is the element stlffness metrrx glven by | | -

'.[Kle I[Bl’[D][B] dv—[Bl [D][B] de ~{B]"[D] [B]V |  ,5_ (3.;2,2) |

Where V refers to the volume of the element
The equlvalent nodal forces are obtamed as.
i) . Forces due to body forces {Dy, <Dy , ©,}" per unit volume are _giireri by '
{F}b j’leT {cb}dV L G239)

i‘) Forces due to pressure dlstnbutlon {px, Py, pz} per unit area are grvenf" --

{F } I[Nf {p}aM e T B ‘('3.2315)-
| For the complete structure relatlon of the form
[K] {8} ,=_{F}

is obtained.

"Where-{?}} is the vector of global displacementls, {F} the nodal vector and [K] the

'_ stlffness matrix..

The. global stlffness matrix: [K] is obtamed by dlrectly addmg the mdrvxdual;

stlffness coeﬁ'lclents in the global strﬁ'ness matnx Sumlarly the global load vector for the .'

L :'-.3;2'0



system is. also obtamed by addmg mdnwdual element loads at the appropnate locatlons mf L

the global vector

The mathematlcal statement of the assembly procedure is:

[K] = Z[K]

=
‘{F}= ;{F}f ) " o o -- o "‘(3.‘25)
Wﬁere'E is the totai“rtumbet of elements; |
To ‘tr"ansfdr'm the Variabie end the region'.'\;/ith- respect to which ttle Eintegration is - -
made the relatlonshnp . . | ‘ . | _ | :
dv= dxdydz det[J] dLidlodl; S G2
| | is used. | : o
Writing e)tpticitly .

i a!ptyw
- {a+B+y+5)

| vafoLiLf = 6V @2y

and.the_ eharacteris_tic element stiffness ma:trix- can be expressed as
KI*=@RIDIBf s o . (G2®)

A2x2x2 integratiOn has been used for the three dimensional analysis.
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35 SIGN CONVENTION: - - -

 FIG.3.6: STRESS VECTOR DEFINITION

The - stress vectors are shown in ﬁg 3.6. The sign convention for ANSYS_
“programme is that tensmn is pos1t1ve and compressmn is negatlve Shear is posntlve when L

it rotates in antl-clockwxse dlrectlon about posmve axes.
3.6 FINITE EI’EMENT METHOD_ 'FOR FiELD PROBLEMS(IG 26)
The basw dlfferennal equatlon govermng, torsnon, heat conductlon, and seepage ::

» '. may be expressed in general form as ‘ -. | o
o¢ 0 o4 ¢ |
- a"( faxJ+ay[ @)’Laz[ 3 J 0- Ca, :



where ¢ is unknowriﬁtemperature, or potential, kx,/cy, and k, are 'thehrhal condu.ctiviﬁes'

or rpermeability, coeﬁieiehf; in x, y'_anld z directions Q is ‘exterriélly applied heat_-ﬂux; Qis

positiee fer puhlping in-and negative for pumping QUt, st specific "heet,v if time

dependent term on right hand side vanishes then thev{prot“)lem' becomes stéady state.

3.6.1 Steps in Finite Elements Method for Field Problem o

i) Dis'cretization- of the continuum. In this process the contihhum is djvided into an
equivalent system of finite elements. Our concept of the .eontinuum assemblage is
broadened. In the seepage problem, for example, our elements are fixed in space
and do not chahge in size or shahe while the fluid eeeps th_rough them. B |

i) Selection of the field variable models. Aésufned patterhs of the filed variables
within each element a..rel selected, _usuelly in polynomiai folrm. The unkhowns of

~ the system thereby become the amplitude of the varlables at the nodes, for

seepage the ﬁeld variables is usually the hydrauhc head. This is scalar quantlty
while displacefnents are the vectors. Hence only one unknoWn amplitpde occurs -
at each node (if gradients are not ﬁsed as basic-unknowns).

(iif) Derivation of finite element equations. The derivation of the ﬁnite. element .
equations r'r_iay be achievéd by direct methods, variationel"methdds or residual

method. The aésociated- functional for the seepage problem »is :

ol (3] (3] +(32] o

‘Here ¢ is the hydraulic head and k’s are the permeabilities of the medium. The

resulting property matrix is the permeability matrix.

323



Assernbly' of the algebric equations t‘or the: ouerall discretized' c‘ontinuum. ‘The

: assembly process is exactly analo gous to that for the dlsplacement method that is, .

. the drrect stiffness method is: used to obtam an overall permeablhty matnx

Solutlon for the nodal ﬁeld varlable vector The solutlon of the overall equatton is i_, '

achreved by the matnx method If the problem is nonhnear mcremental;v.

procedures 1terat1ve procedures mtxed procedures and others can also be applied.

| provrded the nature of the matenal or geometnc non lmeanty is understood

,Computanon of the element resultants from the nodal field vanables amphtudes :
. computanon of- the element resultants or secondary ﬁeld vanables will be
| governed by the . type of problem bemg consrdered However thls process is o

: generally analogous to the calculatlon of stress and for strains in the drsplacement o

| "method In the seepage. problem typlcal element resultants derlved are the' .

- 3.6.2

potentlal gradlent ﬂu1d velocmes and for ﬂow rates Thrs analysrs is concerned N

- wnth potennals & gradlents
-Seepage Equatlons

- The steady state seepage through a porous medlum is governed by the followmg .

_ differential equatton.

ol ] a‘_“sq:- 5, o0 o '»
| 5[‘?;]*5["35]#5["?:2] fe=0

_ with the boundarp condition ¢p=¢g on S where

d) is the unknown (potentlal)

Kx, Ky and Kz are the permeablhty coefﬁcrents in x,y and z dlrectlons respectxvely. E

Q—— internal recharge in the contmuum (pumpmg is negatlve Q)

§ = that part of the bou,ndaryon Whlch the potential ¢ is prescnbed’ .
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S, = is the other part of the boundéry which the external flux is préséribed

The energy term corresponding to the above equatlon will be

"HZE{K"%}*’?{— a"’ }» I0¢dv

Now,
| B ; [k, 00
K,[grx,x@ﬁ)m - {5¢5¢5¢}o ® o
. 46y : o o a 0 0 Kzi|
ox K, 0 0
'Let<5—¢}:{g}and'o Ky 0 |=[D] .
ay 0 0 Kz
99| :
L 0z J
'=—I {e} D] {g}dv IQ¢a‘v
e :ZN,.qs,. =N@G+Ng+.....+ N8,
- i=1 : .
Where n = no. of nodes/ element
b; = pote_ntiél at node i
Ni = shape function for .node i
VP Y.
Z 6x "ay Z 2'_2_62 ¢
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o e (A
ap) [an, av, an,||%
x| |ax & o ||%
g)=l0Bl |V N A, - |
oy | Gy oy Oz
|og| lav, av, av, ||-
. LaZ ) L 62 62 az . L¢U
VOY {g}=[BI{¢} | : o
(N, oN, @V, | - 2
, ox Ox ox o @
Wherg [B]= 6; agvyz ---ag;" and {¢°} : vector of nodal potentialsT:
oN 8N, OoN,| R A
_ Laz 52 X 32 _ ' ' . ) L¢n,
Therefore the energy term is o .
' 1 . e
- TI=5] @y B [DIB)g v | Qv
Now ¢ =[N] {¢°}_

.Where[N]‘=[N1N2-----Nn] -

Therefore, the energy form becomes

I1= %f {°} BT [DIB]{¢f}dv - [ olvksyav

Since for equilibrium

o9

a1 1 o

Therefore I [B]T [DIB]{W yadv— I O[N] dv=0

If there is no recharge or pumping Q =0

Then |K° Jip°} =0

wher [} | B Bk

326




3.7  PROCESSES IN ANSYS

o AN SYS programme has man'y' finite _elemeni analysis ca_pabilities, ra.ngin’glfrom a

3.8

, siinple linear, static analysis to a COmplex, nori-l'mear; trénsient dynamic analysis.' :

Thé’distinci steps in AN SYS are as follows: L
i) - Building the model. - 7 |
ii) ~ Define an element type.

iii)  Define material properties.

iv) Meéhing the ‘rhodel' into elements and-v'nodes. -

V) i Apply. bdu‘ndafjr cdnditi'qné.and loads. -
vi)  Obtain the solution. ~ |

ANSYS process status consists of

o  Form element matrices.

. : Preparés elefner;ts for:solver.. o
e  Solves equations.

. | Calculates element results.

vii) Review of results in general post processor. -

'ANSYS INPUTS.

i) KXX~Thermal conductivity in x direction: -
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e SO '-.:Chyapter-il"
- SEEPAGE MODELS -

- 4.'1_ | GENERAL

A criteria to determme the seepagemodel boundary is glven by Arvm ( 1965) [l]' '
for electncal analogy models The same has been adopted in this study also.. .
4.1. 1 Assumptlons in the Seepage Analysns |

‘The various sxmphﬁed assumptxons made are ngen below

i) The medxum of ﬂow is porous, 1sotrop1c, ,homogeneous and perviousof ,
lnﬁmte depth
i) Seepage ﬂow is conﬁned steady, lammar and 1rrotat10nal

-yiii)' Fluid is 1ncompre551ble. B

iv)  Flow is within the validity range of Darcy’s law.

4.2 MODELLING o
T hree dlﬁ‘erent seepage models are prepared and analysed to obtam the ﬂow
characterlsuc beneath the structure:

4.2.1 Model-l Floor with Sheet Plles at Elther End

Two dlmenswnal model has been prepared takmg the same dlmensxons as used by_' S

Khosla (1954) {7] as a standard form to detenmne upllﬁ pressure and exit gradlent for

floor with sheet plles at elther end. Iti is shown in Flg 4, 1

- Model is subjected to same upstream and downstream potentlals Thns study 1s", "

carried out to vahdate the Ansys FEM prograrnme by companng uphﬁ pressure and exit -



gradient of FEM model with those obtamed by Khosla’s - method of mdependent

varlables experlmental and analytlcal methods

___________________________________ 0%
Y TE C S
’ S=..‘ '
: D
v F

Fig.‘ 4.1. Floor with"she‘e‘t piles at either end (end piles equal)

The detarled steps in Ansys package for solvmg and vrewmg the results of the .

model are grven in Annexure—I The meshed model is glven in ﬁgure 4 la.
: 4 2.2 Modellmg of Kanpur Barrage

Ganga Barrage is srtuated on river Ganga, 1 5 km U/S of Bharroghat (Nawab
Ganj) Kanpur. The Barrage is des1gned for a maximum flood dlscharge of 18, 000 m>/sec.

- ‘The maximum pond level is 113.0 m. River bed level is 106.1m. Barrage consists of 4

. bays each in nght and left under sluice and 22 other bays each havmg wrdth of 20m Thef -
~ salient features and the dxmenswn adopted in. the models are: ' ‘

Under Slluce

e 'Floor level in U/S of Under sluice = 108. 5m

depth of D/S sheet ptle

a2

1.
2 Floor level in D/S of Under sluice - - =106. lm .
3. Floor length of Under_slnice - =48m
4, Width of Right under sluice ' = 80.0m
5. Width of left under slulce ~ =800m
6. Bottom level of U/S sheet pile. =1010m . -
7.. DepthofUSsheetplle ~ ~ . =T5m
8 :‘Bottom level of DIS. sheet prle .’ o= 95.7m i .. o
Y C -94m



10.
RIS
12.
13,
Barrage Bays:

‘Depth of U/S sheet pile

No. of bays in left under sluice
No. of bays n nght under sluxce _

Wldth of each bay

General Ground level

Pond level

Floor level in upstream of barrage axis

- Floor level in downstream of barrage axis
Floor length of barrage o |
Total w1dth of barrage between abutments.

Bottom level of U/S sheet plle '

Bottom level of D/S sheet plle

?Depth of D/ S sheet pxle
' No. of other bay_s
 Width of each bay
N Wid,thl of barrage bays

C=1130m -

=108.5m
=107.1m

- =48.0m
= 6l5‘.0m} '
=1020m -
. =65m

= 98.:0rn,,

=9.Im

=22 No.
=20m -.

= 445m

The section of Kanpur barrage is glven in (Fig. 4.2 and 4. 3)

Two dlmensmnal and three d1mens1onal models of Kanpur barrage have been

prepared as follows

()  Model II 2-D seepage model.

A two dimensional» model of Kanpur barrage (under sluice ' baysl has been '-
| prepared taking same dlmenswns and boundary condmons as adopted in the barrage and .
analyzed by U P Irngatlon and Research Instltute as per Techmcal Memorandum No 67
1996, R.R. (GA-B) [1 l]by E.H.D.A ‘to detemnne up_hﬁ pressure and ex1tv gradlent_._ This ‘.

s carried out to validate ANSYS FEM programme by ',-'comparing uplift pressure and exit
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o gradrent of FEM model w1th the results obtamed by EHDA and also thh Khosla 'S
" method to estabhsh in accuracy of FEM programme |
| The detarled steps in ANSYS package for solvmg the problem to obtarn the flow '

charactenstrcs is grven in Annexure - I The meshed 2-D seepage model is grven m, ‘
(Fi 1g 4. 3 1) | i | |
(i) Model I 3-D Seepage MOdel.
A3D model of Kanpur barrage has been prepared having same drmensrons as‘ “. f

used in U P. IRI Techmcal Memorandum No 67, 1996, R. R. (GA-4) [12] to determme

uphﬁ pressure and exit gradrent It is subjected to the same potennals over u/s, d/s and -

abutment pornon. It is also done to validate the FEM programme by comparing the u’phﬁ:j

pressure and exit gradient of FEM model' with those obtained by EI—IDA'method (in3-D |

analysis. Analysrs is also camed out under different potentials, behmd the abutments to -

- get the effect of 3-D seepage behavror on ﬂoor of barrage (Fig. 4. 3a)
) The detarled steps in ANSYS package for solvmg the problem to obtam ﬂow1 . g
. charactenstlcs are given in Annexure II The dlfferent views of the model are glven in
»(F ig. 4. 3a to Flg 438) The meshed model is glven in (Flg 4 8a) |
- The 3-D analysrs on Kanpur Barrage model has been carried out for the followmg o
test condrtlons ‘, - | | o
© .TevstvCondition -1 |
o 100% potential on river bed upstream of barrage and l)°A> potential on rir/er bed-. 1- '
downstream of barrage has been apphed on model ThlS isa test condltlon used m EHDA )

P Py U. P IRI 1996 [12] A 3-D v1ew of meshed model is grven 1n (Flg 4. 9)
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(iiy . Test Condition-z L
100% potentlal on rlver bed txbstream of barrage and O% potentlal on river bed

downstream of barrage and 100% potent1a1 near abutments has been applied on the ": -
meshed model. A 3-D view of' meshed _rno_del is given _1nF1g- 4.10. -
(i) Test Condition-3 . |
| 100% potenttal on river bed upstream of barrage and 0% potent1a1 bn river bed‘ o
'downstream of barrage and 90% potent1a1 near abutments” has been apphed on the-‘
meshed ‘model. This is also a test condltlon used in EHDA by UTP. I.R.I-. 1996, [12]. A 3-
- D view of meshed model is given'in Fig. 4.10. | | |

(iv)  Test Condition-4. = = ="

100% potential on river bed upstream of barrage and 0% potential‘ on river bed '

downstream of barrage and 90% - 30%- potentlal near abutments has been applied on thef
meshed model A 3-D v1ew of meshed model 1s glven in Fig. 4.11.- | |
LOCATION AT WHICH RESULTS ARE OBTAINED

We deﬁne the lmes Al ,A2,A3, A4 AS (parallel to the barrage axns) Fig: 4. 3a _'
correspondmg to P1 P2 P3 P4 and P5 of underslu1ce bays (Flg 4 2) respectlvely, and‘ |
those to barrage- bay portton as Cl,C2,C3,C4 and C5. Slrmlarly,i_ we'deﬁne the hnes“-.

across the barrageA axis as Ul, U2, U3 “and U4 for undersluice pertion .and B1, B2,

- B3, ......... U : 3 3 § for barra_ge'-bay portion. ‘The details of the_conﬁguration and the S :

space coordinates of. th_e points'considered for analysis is shown in fig. 4.2, 4.3 and
4.3(2) and table 4.1 and 4 2
~ The uphﬁ pressures are obtamed at the 1ntersect10n pomts of hne P and U for‘ g

underslutce portxon and at the mtersectlon pomts of hne CandB for barrage bay portlon
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Similarly; the'exit ‘gradients.are obta’inéd at the intersection ‘points- of P5 and U for under
" . sluice portron and those for barrage bay portlon at the mtersectlon pomts of CS and B -
.WhereP P1, P5 C= cr C5, U= U1, U4 and B =B1‘B2 - Bu,” g

| The results are obtamed at 1ocatrons shown in ﬁg 42,43, -on pomts Pt to P5,C1 to |
C3, along section’ Alto AS as per table4 I, and Ul to U4 Bl to Bll as per tabIe 4. 2 and‘ , |
-ﬁgure 4.3a.. .- - | |

 The results are presented in the form of pressure contours charts and figures-at

respective sections. -
Table 4.1 : Location of 'Sections in X-Direc'tion’
~Section | X in meters ‘ B Partlculars :
. AL .50 Upstream edge of upstream ﬂoor and upstream sheet pile.
A2, 62 | End point of u/s floor -
A3. 71 | Upstream edge of downstream floor
- A4, - 845 - | Centre of downstream floor -
_AS. | .98 -{ End of downstream floor and downstream sheet pile.
Table 4.2: Locatlon‘ of Sections in_ Z-Direction
Section | Z in meters ' " . Particulars -
Ul. 60 | Centre point of under sluice bay no. 1-
U2. 80 .- |.Centre point of under sluice bay no. 2 -
U3. 100 Centre point of under sluice bay no. 3
U4 | 120 Centre point of under sluice bay no. 4
‘Bl - 145 | Centre point of barrage bay no. 1
B2 .. 165 | Centre point of barrage bay no. 2
B3 185 |- Centre point of barrage by no. 3
B4 205 ‘Centre point of barrage bay no. 4
BS5 . 225 Centre point of barrage bay no. 5
- B6 245 - | Centre point of barrage bay no. 6
B7 | 265  Centre point of barrage bay no. 7
B8 . 285 - | Centre point of barrage bay no. 8
B9 | 305 Centre point of barrage bay no. 9
B10 325 | Centre point of barrage bay no. 10 -
B11 345 | Centre point of barrage bay no. 11
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Figure 4.3b: Meshed 2-D seepage model
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>

Figure 4.4, Kanpur barrage full model.

Figure 4.5, Kanpur barrage model (under sluice bay No.1 center 60m)
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Figure 4.6: Kanpur barrage model showing center of under sluice bay NO. 1 to 4
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100
Figure 4.7: Kanpur barrage model Left side under sluice bay 1 to 3

Figure 4.8: Kanpur Barrage model left side under sluice bay 1 to 4 & Divide wall.

4-14




Figure 4.8a: Meshed 3-D seepage model

kanpur barrage Full model U/S100D/SO potential (bulO0dO )

Figure 4.9:-Meshed model with test condition 1

4-15



Figure 4.10:-Meshed model with test condition 2 & 3

kanpur barrage u/leOd/susbeebutmentSO__SO (1100d0a90_50 )
Figure 4.11:-Meshed model with test condition 4
4-16



CHAPTER -5
RESULTS OF ANALYSIS

5.0 GENERAL

The analyses have been carried out for three models as described in Chapter-4.
Uplift pressures and exit gradient corresponding to each model have been obtained and
the results are presented herewith.

5.1 MODEL -1 FLOOR WITH SHEET PILES AT EITHER END

The uplift pressures corresponding to the points E,F,C and D using FEM Model
are presented in Table 5.1 and Fig. 5.1.

The results obtained using FEM model are compared with the results obtained by
Khosla’s method using independent variables, experimental results (electrical analogy)
and theoretical results [7].

The deviation of uplift pressure obtained using finite element method is 0.11 % to
1.2 % from those of theoretical values and 1.04 % to 1.46 % from those of Khosla’s
values. The deviations are shown in the Table 5.1.

e The variation of experimental results with theory is from 0.13% to 2.86%.

Table 5.1: Results of Analysis uplift pressure and Exit gradient,
(Floor with sheet piles at either end)

Uplit | Theory | Experimental | Khosla | Ansys | Variation of Variation of

pressure Ansys Results | experimental
in % results in %
Theo. Khosla | Theo. Khosla

Ok 71.6 71.7 71.517 | 0.11 - 0.13 -

oF 58.6 58.2 58.5 59.109 | 0.86 1.04 |068 |0.52

dc 41.4 42.1 41.5 40.891 | 1.2 1.46 1.69 1.45

op 284 29.2 - 28.483 |029 |- 28 |-
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5.1.1 Summary of Resuits
From the above results it can be summarized as:
e The results of Ansys FEM model are more accurate and close to the theoretical
values as compared to the experimental values (e.g. Electrical Analogy Method).
e The deviation of uplift pressure with that of theoretical values are insignificant,
thus, the analysis for 2D seepage flow can be carried out using 4 noded linear
element in Ansys FEM Model with fair accuracy.
e The results can be further improved by selecting higher order element i.e. from 4
noded ( plane 55) to 8 noded (parabolic, plane 77) element and/or by increasing
the density of meshing.
5.2 MODEL II 2-DIMENSIONAL MODEL OF KANPUR BARRAGE

The uplift pressures corresponding to point P1 and PS5 using FEM model are
shown in Fig. 5.2 and the exit gradient obtained by FEM model is shown in Fig 5.3.

The results obtained using FEM are compared with Khosla [7] and EHDA [11].
The uplift pressure at point P1 (upstream edge of upstream floor), PS5 (end of downstream
floor) by Ansys model are 72.709 % and 31.787% while at the same location by Khosla
these are 70.351 % and 33.526% and by EHDA these are 67.8% and 32.6%.

The deviation of uplift pressure by FEM from Khosla theory is 3.33% to 5.1%
and that from EHDA 6.75% to 2.4%.

The exit gradient obtained by Ansys model is 0.122, by Khosla 0.129 and by

EHDA 0.133 respectively.



5.2.1. Summary of the Results
From the above result, it can be summarized that the results of FEM Ansys
programme are closer to Khosla’s values than with the EHDA results. The same was the
conclusion of the results of Mode 1. Therefore, it can be said that the results obtained by
Ansys FEM Model using 4 noded linear element can be used for all practical purposes
with fair accuracy.
5.3 MODEL - III THREE-DIMENSIONAL SEEPAGE MODEL OF KANPUR
BARRAGE
Three-dimensional analysis has been carried out for uplift pressures and exit
gradient for the test conditions and the results obtained are as follows:
5.3.1 Test Condition — 1
100% potential on river bed upstream of barrage and 0% potential on river bed
downstream of barrage was applied on the 3-D model (Fig. 4.3a, Fig. 4.9) ,and uplift
pressures and exit gradients obtained from finite element method. The results are
presented in the form of graphs (Fig. 5.5 to Fig. 5.20a).
(i) Uplift Pressure
e Itis observed that at the point P4AU1 (X = 84.5 m) the pressure head is 42.406% of
total head and at the point P4U4 it is 41.178 %. Here point P4U1 corresponds to
bay no. 1, i.e. bay nearest to the abutment and P4U4 corresponds to bay No. 4 i.e.
bay farthest from the abutment. The variation in pressure head is 1.228% of total
head i.e. pressure head decreases as the distance from abutment increases, but the
variation is insignificant. The uplift pressure with respect to the distance

measured from abutment is shown in fig.5.12.
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It is observed that at the point P3U1 (X = 71 m) the pressure head is 54.498% of
total head and at the point P3U4 it is 55.977%. Here point P3U1 corresponds to
bay no. 1 and P3U4 corresponds to bay No. 4. The variation in pressure head is
1.479% of total head, i.e. pressure head increases as the distance from abutment
increases, but the variation is insignificant. The uplift pressure with respect to the
distance measured from abutment is shown in fig.5.13.

It is observed that at the point PSU1 (X = 98 m) the pressure head is 32.805% of
total head and at the point PSU4 it is 30.008%. The variation in pressure head is
2.797% of total head, i.e. pressure head decreases as the distance from abutment
increases, but the variation is insignificant. The uplift pressure with respect to the
distance measured from abutment is shown in fig.5.14.

At the tip of downstream sheet pile (S2) in under sluice the uplift pressures are
25.254 % and 22.29% of total head corresponding to bay no.1 and bay no.4,
respectively. Here the uplift pressure decreases from bay No. 1 to bay No. 4 by
2.296% of total head. The result is shown in Fig. 5.15.

The uplift pressure at the point P2U1 (X = 62 m) is 62.82% and P2U4 it is
66.035% . Here the variation is 3.215%. The uplift pressure increases as the
distance from abutment increases. The result is shown in fig. 5.16.

The uplift pressure in barrage bay corresponding to the points C3B1 (X = 71m),
C3B2, C3B10 and C3B11 are 55.99%, 55.992%, 55.99% and 55.936%,
respectively. Here the uplift pressure is almost the same for all barrage bays (Fig.

5.17).
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(i)

(iii)

The uplift pressure in barrage bay corresponding to the points C4B1 (X = 84.5m),
C4B2, C4B10 and C4B11 are 41.028%, 41.143%, 41.10% and 40.665%.,
respectively. Here the uplift pressure is almost the same for all barrage bays (Fig.
5.18). Similar trends are observed for all the barrage bays.

Exit Gradient

The exit gradient at down stream sheet pile of under sluice bay No. 1 and bay no.
4 are 0.164 (1/6.089) and 0.138 (1 in 7.265) i.e. exit gradient decreases as the
distance from the abutment increases. A plot of the distance from abutment versus
1/ exit gradient is shown in Fig. 5.19.

The exit gradient at down stream sheet pile of barrage bay portion is found to be
0.12 and is constant from bay no.2 to bay no.10. However, in bay no. 1 and 11 the
exit gradient is less than the other bays, this may be due to the effect of the
foundation level of the divide wall. (Fig. 5.20).

Comparison with EHDA Results

The results of FEM analysis for this test condition 1 have been compared with the

results of EHDA given in the test report of IRI U.P. The results are shown in table 5.2.

The uplift pressure values are compared at the points P1U1, P2U1, P3U1, and P4Ul

along the centre line of bay No. 1 of under sluice floor. The maximum variation is 3.97

%.

(iv)

Summary of the Resuits

From the above results it can be summarized as:



The variation of uplift pressure of FEM with EHDA is nominal and due to
limitation of experimental method as described in chapter 2.

Seepage flow behaviour in this test condition is in general two-dimensional
except near abutment where the uplift pressures are slightly higher than the pressures at a
section away from the abutments. Similarly the exit gradient value at the downstream
sheet pile is also higher than the value at a section away from the abutment.
5.3.2 Test Condition No. 2

The 100% potential on river bed upstream of barrage, 0% potential on riverbed
downstream of barrage and 100% potential behind abutments was applied on the 3-D
model and uplift pressures and gradients are obtained from Ansys FEM Model. The
results are presented in the form of graphs and figures (Fig. 4.3a, 5.21 to 5.27).
(i) Uplift Pressures

e Uplift pressure along section P1 (x = 50 m) of under sluice bay portion are found
to be 83.74% and 76.50% corresponding to the point P1Ul and P1U4,
respectively. Here, the variation is found to be 7.20% (Fig. 5.22).

e The uplift pressure along section P2 (x = 62 m) (end point of upstream floor). In
under sluice portion it varies from 78.92% (bay no. 1) to 69.19% (Bay No. 4) the
variation is 9.73 %. The pressures decrease from under sluice bay no. 1 (abutment
side) to bay no. 4 (Fig. 5.23).

e At the section along P3 of under sluice floor (A3 (x = 71 m)) uplift pressures
varies from 72.146% (Bay No.1) to 59.70% (Bay No. 4). The variation is 12.44%.

The pressure decreases from Bay no. 1 to Bay no. 4 (Fig. 5.24).
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(ii)

At the section along P4 of under sluice floor (A4 (x = 84.5 m)) uplift pressures
varies from 59.885 % (Bay no. 1) to 44.951 % (Bay no. 4). The variation is 14.93
%. The pressure decreases from Bay No. 1 to Bay No. 4. (Fig. 5.25).

Along the section P5 of under sluice floor (A5 (x = 98 m)) uplift pressures varies
from 48.145 % (Bay No. 1) to 33.31% (Bay No. 4). The deviation is 14.89%. The
uplift pressure decreases from Bay no. 1 to Bay no. 4 (Fig. 5.26).

Along the section C1 of barrage bay floor (section Al (x = 50, RL 107.2 m)), the
uplift pressures varies from 76.50 % (Bay no. 1) to 75.1 % (Bay no. 11). The
variation is 1.4 % and pressure is decreasing from Bay no. 1 to Bay no. 11 (Fig.
5.22).

Along the section C2 (x = 62 m) of barrage bay, the uplift pressure varies from
67.98 % (Bay no. 1) to 66.23% (Bay no. 11) and The variation is 1.75%. The
pressure decreases from Bay no. 1 to Bay no. 11. The variation is very small (Fig.
5.23).

Along the section C3 (x = 71 m), C4(x = 84.5 m) and CS (x = 98 m) of barrage
bay, the uplift pressures vary from 58.06 % (Bay no. 1) to 56.0% (Bay no. 11),
43.03% (Bay no. 1) to 40.73% (Bay no. 11) and 31.08 % (Bay no. 1) to 30.71%
(Bay no. 11), respectively. The corresponding variations are 2.06%, 2.3% and
3.7%. The uplift pressures decreases from Bay no. 1 to Bay no. 11. The variation

is small and found to be maximum at the end of the downstream floor. (Fig. 5.24

to 5.26).

Exit Gradient
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e The exit gradient at down stream of sheet pile varies from 0.25 (1/4.01) to 0.15
(1/6.52) from Bay no. 1 to Bay no. 4 in under sluice bay portion and 0.125 (1/ 8)
to 0.121 (1/8.23) from bay No. 2 to bay No. 10 of barrage bay. The exit gradient
decreases from abutment towards centre of barrage (Fig. 5.27).

(iii) Summary of the Results
From the above results it can be summarized:

o The effect of head behind the abutment on uplift pressure in both under
sluice bay and barrage bay on upstream floor is less than the downstream
floor.

» The uplift pressure variation is significant in under sluice part of barrage
and is maximum along the centre line of downstream floor and the
maximum variation 1s 19.48%.

e The uplift pressure variation in barrage bay portion is less than the
undersluice portion and the maximum variation is along the end line of
the downstream floor.

e The uplift pressure are found affected by the head behind abutment upto a
distance of 0.37L.

¢ The exit gradient decreases as the distance from the abutment increases.
The variation is maximum in under sluice bay No. 1.

5.3.3 Test Conditions 3
100% potential on river bed upstream of barrage, 0% potential on riverbed

downstream of barrage and 90% potential near abutments was applied on the 3-D model
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and uplift pressures and exit gradients are obtained using Ansys FEM Model. The results
are presented in the form of graphs and figures (Fig. 4.3a, 5.28 to 5.36).
(i) Uplift Pressure

It is observed that along the section P3 of under sluice floor (section A3 (x = 71
m)) the uplift pressure varies from 68.801% (Bay no. 1) to 59.02% (Bay no. 4). The
variation is 9.78% (Fig. 5.29).

Along the section P4 of under sluice bay (section A4 (x = 84.5 m)) the uplift
pressure varies from 56.68% (Bay no. 1) to 44.28% (Bay no. 4). The variation is 12.40%
(Fig. 5.30).

Along the section P5 of under sluice bay, the uplift pressures vary from 45.383%
(Bay no. 1) to 32.265% (Bay no. 4). The variation is 13.118% (Fig. 5.31).

Along the section C3 of barrage bay floor section (A3 (x = 71 m)), the uplift
pressure varies from 58.006% (Bay no. 1) to 56.005% (Bay no. 11). The variation is
2.00% (Fig. 5.32).

Along the section C4 of the barrage bay floor section (A4 (x = 84.5m)), the uplift
pressure varies from 43.172 % (Bay no. 1) to 40.732% (Bay no. 11). The variation is
2.74% (Fig. 5.33).

Along the section C5 ( AS (x = 98 m)), the uplift pressure varies from 30.79%
(Bay No. 1) to 30.70% Bay No. 11. There is almost no variation, (Fig. 5.34).

(ii)  Exit Gradient

The exit gradient down stream of sheet pile in under sluice portion varies from

0.23 (1 in 4.26) in bay no. 1 to 0.15 (1 in 6.64) in bay no. 4. The exit gradient decreases

from bay no. 1 tobay no. 4  (Fig. 5.35).



The exit gradieni at exit point in barrage bays is practically constant at a value of
0.124 in all the bays except the end bays i.e. 2 and 11 where the value is 0.11 (Fig. 5.36).
(iii) Comparison with EHDA Results

The results of FEM analysis for this test condition 3 have been compared

with the results of EHDA given in the test report of IRT U.P. The results are shown in
table 5.3. The uplift pressure values are compared at the points P1U1, P2U1, P3U1, and
P4U1 along the centre line of bay No. 1 of under sluice floor. The maximum variation is
10.80 %.
(iv) Summary of Results

From the above results it can be inferred that the uplift pressure due to 90% head
behind abutment are increased near the abutment and the effect reduces with distance
from abutment. The effect does not exist beyond a distance (0.28 L).

The variation of uplift pressures values of FEM with EHDA is due limitations of
experimental method as described in chapter 2
5.3.4. Test Condition No. 4

100% potential on river bed upstream of barrage, 0% potential on riverbed
downstream of barrage and 90% to 50% potential behin;:l abutments varying from u/s
end to d/s end of floor was applied on the 3-D model and uplift pressures and gradients
obtained out from Ansys FEM Model, and result are presented in the form of graphs and

- figures (Fig. 5.37 to 5.44).



(1) Uplift Pressures

It is observed that the uplift pressure along P4, (section A4 (X = 84.5 m,
Y = 103.25 m)) of under sluice bay varies from 48.52% for bay no. 1 to
42.26% bay no. 2. The variation is 6.26% (Fig. S. 38).

Along PS5, (section AS (X = 98 m)) of under sluice bay, uplift pressures
vary from 39.17% (bay no. 1) to 30.88% (bay no 4). The va‘riation‘is
8.29% (Fig. 5.39)

Along section P3 of under sluice bay (section A3 (X =71 m, Y = 103.25
m)) the uplift pressures vary from 60.94% to 57.10%. The variation is
3.84% (Fig. 5.40).

Along section C4 of barrage bay floor (section A4 (X = 845 m, Y =
104.25 m)), the uplift pressure variation is from 41.68% (bay no. 1) to
40.69% (bay no. 11). The variation is 0.99% (Fig. 5.41).

Along the section C5 of barrage bay floor (section AS (X =98m, Y =

104.25 m)), the uplift variation is almost nil (Fig. 5.42).

(ii)  Exit Gradient

The exit gradient at downstream sheet pile in under sluice bay varies from
0.19 (in 1 5.40) to 0.14 (1 in 7.02). The variation is 0.05, that corresponds
to 26.31%. The exit gradient decreases from bay no. 1 to bay no. 4 (Fig.
5.43).

The exit gradient at exit point in barrage bay varies from bay no. 1 and 2
from 0.11 to 0.12 i.e. about 7% and in the rest of the bays, it is almost

constant and the value is 0.12 (Fig. 5.44).
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(iii) Summary of Results
From the above results it can be summarized:
¢ The increase in uplift pressure in under sluice bays portion is significant in
bay no. 1.
¢ The increase uplift pressure and its variation in barrage bays is very small.
e The exit gradient at exit point of under sluice is maximum in bay no. 1,
near the abutment and is 26% higher than that of bay no. 4.
e The exit gradient at downstream of sheet pile in barrage bay is found
unaffected by the head behind the abutment.
¢ The effect of head behind abutment is limited to under sluice bay (0.26L).
S.4. COMPARISON OF UPLIFT PRESSURE FOR DIFFERENT TEST
CONDITIONS IN 3-D ANALYSIS
The comparison of uplift pressure distribution along the floor width have been
made for the test conditions 1 to 4 to see the effect of consideration of water level behind
the abutments. (Fig. 5.45 to 5.49 and Table 5.4 to 5.8).
The effect of varying head behind abutments can be visualized by comparing the
results of test condition 2, 3 and 4 with the result of condition 1. It is seen that:
- The effect on uplift is maximum near the abutments.
- The effect on uplift is more if the head behind the abutment is more.
- The floor length which is affected is more when head behind the abutment is
more. In this case under test condition 2, 3 and 4 the floor length affected is
0.37,0.28 and 0.26L.

- The effect on uplift is more significant in the downstream floor.
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Table 5.2
Comparison of uplift pressures results by FEM under test condition 1 with
EHDA at Bay No. 1 of under sluice floor

S.N | Location of Variation in %
0. result Uplift pressure in %
By ANSYS By EHDA
1 P1U1 70.17 66.20 3.97
2 P2U1 62.82 60.70 2.12
3 P3UI1 54.49 55.30 0.81
4 P4U1 42.40 41.10 1.30
Table 5.3

Comparison of uplift pressures results by FEM under test condition 3 with
EHDA at Bay No. 1 of under sluice floor

S.N | Location of Variation in %
0. result Uplift pressure in %
By ANSYS By EHDA
1 P1UI 81.14 87.50 6.36
2 P2U1 75.83 83.20 7.37
3 P3U1 68.80 79.60 10.80
4 P4U1 56.67 66.40 9.73
5-13




Table 5.4

Comparison of uplift pressures for different Test condition section A1 (X=50m)

Distance
along
floor
width in
m. Uplift pressure in %
Test Test Test Test
Level Y condition | condition | condition | condition
S.No. Location in m 1 2 3 4
1 107.1 50 68.48 85.63 82.27 75.89
107.1 60 70.17 83.74 81.14 75.59
107.1 70 71.76 81.40 79.60 75.09
107.1 80 72.53 79.74 78.42 75.31
107.1 90 72.95 78.50 77.49 74.73
107.1 100 73.23 77.59 76.81 74.88
107.1 110 73.41 76.89 76.27 74.64
107.1 120 73.68 76.50 76.00 74.60
107.1 130 75.33 77.70 77.28 75.78
107.2 135 7521 76.87 76.58 75.51
107.2 145 75.01 76.50 76.24 75.49
107.2 155 74.86 76.10 75.88 75.22
107.2 165 74.87 75.89 75.71 75.28
107.2 175 74 .88 75.72 75.57 75.12
107.2 185 74.89 75.58 75.46 75.16
Upstream edge 107.2 195 74.90 75.47 75.37 75.06
of U/S floor sec 107.2 205 74 91 75.38 75.29 75.09
A1(X=50m) 107.2 215 74.91 75.30 75.23 75.00
107.2 225 74.92 75.24 75.18 75.04
107.2 235 74.92 75.19 75.14 75.03
107.2 245 74.93 75.15 15:11 75.01
107.2 255 74.93 75.11 75.08 74.96
107.2 265 74.93 75.08 75.05 74.99
107.2 275 74.93 75.05 75.03 74.98
107.2 285 74.93 75.03 75.01 74.97
107.2 295 74.92 75.01 75.00 74 .93
107.2 305 74.92 74.99 74.98 74.95
107.2 315 74 .91 74.98 74.97 74.94
107.2 325 74.91 74.97 74 .96 74.93
107.2 335 74.92 74.97 74.96 75.06
107.2 345 75.05 75.10 75.09 74.94
107.2 355 75.23 75.28 75.27 75.24
107.2 360 75.23 75.28 75.27 75.24




Table 5.5
Comparison of uplift pressures for different Test condition A2 (X=62m)
Distance
along
floor
width in
m. Uplift pressure in %
Test Test Test Test
Level Y condition | condition | condition | condition
S.No. Location inm 1 2 3 4
1 106.10 50.00 61.71 82.07 78.05 69.29
106.10 60.00 62.82 78.92 75.83 68.69
106.10 70.00 64.01 75.59 73.44 68.09
106.10 80.00 64.66 73.38 71.78 67.67
106.10 90.00 65.04 71.75 70.53 67.33
106.10 100.00 65.28 70.55 69.60 67.07
106.10 110.00 65.49 69.69 68.94 66.91
106.10 120.00 65.78 69.19 68.58 66.93
106.10 130.00 66.04 69.05 68.51 67.05
106.60 135.00 66.19 68.24 67.87 66.88
106.60 145.00 66.14 67.98 67.65 66.76
106.60 155.00 66.07 67.60 67.33 66.58
106.60 165.00 66.06 67.32 67.10 66.49
106.60 175.00 66.07 67.11 66.93 66.42
106.60 185.00 66.09 66.94 66.79 - 66.37
106.60 195.00 66.10 66.80 66.68 66.33
106.60 205.00 66.11 66.69 66.59 66.30
106.60 215.00 66.12 66.60 66.51 66.28
End of U/S 106.60 | 22500 |  66.12 66.52 | 66.45 66.26
floor sec 106.60 235.00 66.13 66.46 66.40 66.24
A2(X=62m) 106.60 245.00 66.13 66.40 66.35 66.22
106.60 255.00 66.13 66.36 66.32 66.21
106.60 265.00 66.13 66.32 66.29 66.20
106.60 275.00 66.13 66.29 66.26 66.18
106.60 285.00 66.13 66.26 66.24 66.17
106.60 295.00 66.12 66.23 66.21 66.16
106.60 305.00 66.11 66.21 66.19 66.14
106.60 315.00 66.10 66.18 66.17 66.13
106.60 325.00 66.09 66.17 66.15 66.12
106.60 335.00 66.09 66.16 66.15 66.12
106.60 345.00 66.17 66.23 66.22 66.19
106.60 355.00 66.25 66.32 66.30 66.27
106.60 360.00 66.32 66.30 66.27




Table 5.6

Comparison of uplift pressures for different Test condition A3 (X=71m)

Distance Uplift pressure in %
along floor
Floor | width in Test Test Test Test
Level m.from condition | condition | condition | condition
S.No. Location | Yinm | abutment 1 2 3 4
1 103.25 50 5405 | 75979 | 71.746 60.94
103.25 60 | 54498 | 72146 | 68.801 60.19
103.25 80| 55298 | 65037 63.253 58.51
103.25 100 | 55627 | 61516 | 60.454 57.58
103.25 120 | 55879 | 59701 | 59.017 57.15
103.25 130 | 55977 | 59369 | 58.763 57.1
U/S edge of | 104.25 135 | 56.032 58.33 58.26 56.79
D/Sfloor | 104.25 145 | 55.995 58.06 58 56.68
section 104.25 165 | 55.992 57.4 57.37 56.46
A3(x=71m) (7104 25 245 56.07 | 56.376 56.37 56.17
104.25 305 | 56.043 56.15 56.14 56.07
104.25 325 | 55.991 56.07 56.07 56.01
104.25 345 | 55.936 56 56 55.96
104.25 355 |  55.949 56.01
104.25 360 | 55949 56.01




Table 5.7

Comparison of uplift pressures for different Test condition A4 (X=84.5m)

Uplift pressure in %
Distance Test Test Test Test
Level Y in | along floor | condition | condition | condition | condition
S.No. Location m width in m. 1 2 3 4
1 103.25 50 42.833 63.987 60.102 48.52
103.25 60 42.406 59.885 56.675 47.313
103.25 70 41.837 54.564 52.234 45.625
103.25 80 41.518 51.046 49.31 44 455
103.25 90 41.367 48.687 47.36 43.672
103.25 100 41.299 47.035 46 43.13
103.25 110 41.267 45.842 45.02 42.741
103.25 120 41.222 44 951 44282 42.43
103.25 130 41.178 445 43.906 42.258
104.25 135 40.998 43216 42.82 41.723
104.25 145 41.028 43.031 42.674 41.684
104.25 155 41.098 42.767 42.47 41.646
104.25 165 41.143 42.523 42.277 41.597
104.25 175 41.169 42.306 42.104 41.543
104.25 185 41.186 42.123 41.957 41.495
Cetinl:c;ro:elc)/s 104.25 195 41.198 41971 41.834 41.453
A4(X=84.5m) 104.25 205 41.208 41.845 41.732 41418
104.25 215 41.215 41.741 41.647 41.389
104 .25 225 41.22 41.654 41.577 41.364
104.25 235 41.224 41.583 41.519 41.343
104 .25 245 41.226 41.523 41471 41.325
104.25 255 41.227 41.473 41.43 41.309
104.25 265 41.226 41431 41.395 41.294
104.25 215 41.223 41.394 41.364 41.28
104.25 285 41.217 41.361 41.335 41.265
104.25 295 41.207 41.329 41.307 41.247
104.25 305 41.19 41.294 41.275 41.224
104.25 315 41.155 41.246 41.23 41.185
104.25 325 41.103 41.183 41.169 41.129
104.25 335 40.927 41.001 40.988 40.952
104.25 345 40.665 40.733 40.721 40.687
104 .25 355 40.337 40.403 40.391 40.359
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Table 5.8

Comparison of uplift pressures for different Test condition A5 (X=98m)
Distance Uplift pressure in %
along
floor Test Test Test Test
Level width in | condition | condition | condition | condition
S.No. Location | Yinm m. 1 2 3 4
1 103.25 50 34.378 54.241 50.7 39.17
103.25 60 32.8 48.145 45.38 36.74
103.25 80 30.87 38.83 37.38 33.19
103.25 100 30.412 35.18 3422 31.88
103.25 120 30.21 33.31 32.75 31.19
End of D/S | 103.25 130 30 3275 32.26 30.88
floor sec 104.25 135 29.04 30.85 30.53 30.14
AS(X=98m) | 104.25 145 29.43 31.08 30.79 29.97
104.25 165 . 29.66 30.8 30.6 30.03
104.25 245 29.73 2998 29.94 29.82
104.25 305 29.7 29.78 29.77 29.73
104.25 325 29.66 29.73 29.72 29.69
104.25 345 30.65 30.71 30.7 30.67
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Floor with sheet piles at either end ANSYS 5.4
59.109 40.891 JUN 24 20C

Figure 5.1 Floor with sheet pile at either end. Potential ®e, ®d, ®c, ®f and
equipotential line.
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Section at Z=60,uplift pressure contour u/s100d/s0

Figure 5.7, section at Z=60,

L

Section at Z=120, 3-D view of pressure distribution u/s100 d/s0

Figure 5.8: Section at Z=120, 3-D uplift pressure distribution
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CONTOUR AT SECTION X 120 UNDER SLUCEBAY LIS 100 D/S0
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kanpur barrage Full model U/S100D/30 potential (bul0O0dO0 )

Figure 5.9: Section Z=120 Contours
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CONTOUR AT SEC Z145U/S 100 D/S O

Figure 5.10: Section Z=145 Contours
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Figure 5.11: Section Z=345 Contours
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Figure 5.21: 3D View of uplift pressure distribution test condition 2
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Figure 5.28a: Contour at Section Ul for test condition 3
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Figure 5.28b: Contour at Section U3 for test condition 3
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3-D uplift pressure variafion load condition 4 U/S 100% DIS 0% abutment (30%-50%)
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Figure 5.37: 3-D View of uplift pressure distribution test condition 4
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S T : R CHAPTER-6
CONCLUSIONS ANDRECOMMENDATIONS e

- mﬁmte depth, the followmg conclusrons are made

el CONCLUSION
From the results of FEM analysis’ descrlbed in chapter 5 for the 2D. and 3D ol

L analysrs of a barrage restmg over a homogeneous lsotroprc and porous medlum of: .

Lo In case of honzontal weir with- equal sheet pnles at exther ends (standard case _' s
x ) [7] ), the results obtamed usmg FEM model compared well w1th the results RO
R gtven in CBI&P Pub. 12 based on theoretxcal analysxs electncal analogy A £
expenments and Khosla ] method Thrs vahdated the ANSYS program of ‘_
| 'FEM analysns | _
o2 : From the companson of 2—D FEM model wrth Khosla and electro hydro_;:‘:‘
o dynamlc analysrs it is found the uphft pressures obtatned usmg FEM model..' R
- are more closer to Khosla s values as compared to the values. obtamed by_- .
~ EHDA expenmental analysrs The expenmental method has many 11m1tatlons,:'. )
. descnbed in Chapter -2 | ‘ | |
3. ,-'From the study on 3-d1mensronal FEM model under dtfferent test condlttons- .;.
' - the followmg conclusrons are made from the analysrs o
(a) - If -no potentlal-rs vapphed' near.the abutment and I-O.O%V'and‘ 0% .i _'
:potentral on upstream and downstream nver bed respectlve]y, then |
R : the seepage ﬂow can- be treated as 2D ﬂow in the entu'e stmcture;':'.;:i B
N ‘v;‘:except near the abutments where the uphﬁ pressures are found

. slightly higher.




R (b) lf 100% potenttal is applxed behmd the abutment and 100% and-'.
o "f‘q _O% potentxal on: upstream and downstream r1ver bed respectlvely,.‘i '

- then the affect of head behmd abutment on uphﬁ pressures and exxt ‘

o gradlent becomes quret sngmﬁcant near the abutment The__,f.:;

i 'max1mum mcrease m uphﬁ pressure goes as hlgh as 50% at the':f":‘. R

- under slulce bay at the downstream floor near the abutment w1th§jy: -

respect to 2D analys1s

.. (c) o " The uphﬁ pressure and exit gradtent at downstream sheet Pﬂe f°r o

. ‘the bay near abutment mcreases as the water level behmd abutment L
' mcreases |

,A(d)‘_l o The plane seepage ﬂow (2D seepage condmon) is ebtamed at a" |

" ‘;.dlstance of 0. 37L o 28L and o 26L correspondlng to 100%, 90% SR

SR and varymg from 90% to 50% along the length of abutment for '.

_7 .the apphed potentlal behmd the abutment respectlvely

6.2 RECOMMENDATION S

Frmte element method is. the method wh:ch can gwe qu1ck results for uphﬂj:_‘; o

o pressures and exxt gradlent wnth falr degree of accuracy for 3-d1mens1onal studres as- =

- ‘compared to EHDA results

63 FUTURE STUD[ES

v_ 3-D seepage analys1s below ban'age by FEM model may be conducted for } B

| 'dlfferent potentlal heads and dlfferent length w1dth ratlo of the ﬂoor of the structure to

; develop desrgn charts for the use in desngn of hydraullc structures E
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ANNEXURE -1

Steps in.Ansys solving 2-D problem are:
Step 1
) Enter in the Ansys programme —Interactive —>Product selection — (i) Ansys
/Multiphysics/ unlimited
Choose Working directory
(i1) Initial job name.
(iii) Set memory requested (megabytes) for total work space >256, for da;:a ,
| base>128>Run.
Step 2. Give Analysis a title, (i) Utility menu — File > change title
Step 3. Set Measurement units > Preprocessor>material propos >material library> select
units™> SI (mks)
Step 4. Define element type: Main 'Manu > Preprocessor>Element .type>. .. .
Add/Edit/Delete. Plane 55/ plane 77> element No.1 for soil
Elément No. 2 for floor & sheet pile.
Step 5. Define material prdperties>Preprocessor>Materia1 props>Constant > Iéotropic >
Thermal conductivity
Material No. 1 ki 0.864
| Material No. 2 ke i.e. .864e-5
Step 6. Create model
| 1) Preprocessor > Modeling > create> key points > in active C.S,

ii) Preprocessor > modeling > create > lines > straight lines.
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L 4

| ili)  Preprocessor > Modeling > create> areas > Arbﬁraxy > Through KP’S, |
iv) Proceésor > Modeling > operate > Glue > A‘rea
Step 7. Define atniﬁutes: (i) Preprocessor> Attribute defines picked lines
(1) Programme > Attributes defined > Picked areas.
Step 8. Meshing the model:
(1) Preprocessor> meshing >mesher option > mapped
(i1) Set meshing density
Preprocessor > Meshing > Size controls > Manual Size> Global > Size.
(iii)  Meshing the modél_
Preprocess > Meshing > mesh > Areas > Mapped
Check there is no bed element, other wise revise the model.
Step 9: Define Solution type & options
Main Manu > Solution> Analysis Type > New Analysis > Steady state.
Step 10: Apply potentials loads (Temperature)
Main Menu > Solution > Apply > Thermal > Temperature > on key points
Step 11: Solve the model. .
Main menu > Solution >.'Solve > current LS.

"Step 12: Review the Nodal Temperature results

(i) Maiﬁ Manu > General post proce. > Plot results > Contour plots> Nodal solu.

DOF solution — Temp.

(i)  Main Manu > General Post proc. > Contour plot > Vector plot > Predefined

— Flux & Gradient> thermal Gradient TG sum.

Save the model Exit.
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ANNEXURE -II

StepsIn 3d-Analysis (Ansys Software)
Step 1 -
1). Enter in the Ansys programme — Interactive —Product selection — Ansys
/Multiphysics / (Unlimited) |
Choose working Directory: ‘C’
if).  Initial Job name - Kanpur
iii).  Set memory requested (megabytes)
- a) For total work space — 256

b) For data Base — 128.>Run>O0XK.

- Step 2. Give Analysis a title — Utility menu > File > Change Title.
Step 3. Set measurement Units™> Preprocessor > Material Props > Material Library
> Select Units > SI (MKS)
Step 4. Define Element type: Main Menu > Preprocessor > Element Type >

Add/Edit/Delete.> Solid 70/ Brick 20 Node solid 90.
Step 5. Define Material Properties > Preprocessor> Material props. > Constant> Isotropic
> Thermal Conductivity.
Material No.1: K = 0.864
Material No.2: K= 1e-9.
Step 6. Create Model |
1) Preprocessor > Modeling >create> Key points> In Active C. Sv.

ii) Preprocessor > Modeling > Create> Line > Straight lines> Through kp’s
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iiiy  Preprocessor > Modeling >Create > Areas > Arbitrary > Through kp’s

iv) Preprocessor > Modeling > operate > Ext'rude /Sweep > Areas > By XYZ
offset.

Give the offset as per requirement of detail sectional results.

v) Preprocessor > Modéling > Operate> Glué > volumes > Areas > line: As per

requirement.

Create half model, as bé.lrage is symmetrical.

V) Preprocessor > Modeling > Reflect > Volumes.

Step 7. -- Define Attributes:

i) Preprocessor > Attributes. Defines > All volumes /picked volumes> All area

/Picked Areas> all lines/ Picked lines.

Step 8. Concatenate Areas and lines

Main Menu > Preprécéssor> Meshing > Mesh > Volumes > Mapped > Concatenate>

Areas / lines

Step 9.. Meshing the Model: i) Meshing options > Preprocessor > Meshing >

Mesher options > Mapped . |

i1) Set Meshir.lg Density

Preprocessor >Méshing >Size controls> Manual Size Decide Element édge length as

per requirements of results and as per experience.

iii) Meshing the model

Preprocessor > Meshing > Mesh > Areas > Mapped.

Check there are no bad elements, otherwise revise the model.
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Step 10. Define solution types and options.

Main Menu> Solution > Analysis Type> New Analysis > Stéady state.

Step 11. Apply loads: (Temperature)

Main Menu> Solution> Apply > Thermal > Temperature > on Key points> Extends

to nodes.

Step 12: Solve the model | ' -

Main Menu > solution > Solve > Current L.S.

Step 13. Review the nodal temperature Results.

i) Main Menu> General Post processor> Pth Results > Contour plots > Nodal
Soln. > D.O.F.‘Soln. > Temperature.

ii) Main Menu > General Post process > Plot results > Vector plots > Predefined
> Flux and Gradient > The:'mal Flux /Thermal Gradient.

Step 14. Save the mode. Exit.

* The 3-D views of model at different stages are given in figures 4.7 to 4.8 and meshed

model Fig. 4.9.
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Table 5.2: KANPUR BARRAGE 2-D, UPLIFT PRESSURE

NODE X Y POTENTIAL IN %
1 50 108.5 100
48 50 106.625 96.364
47 50 104.75 92.498
46 50 102.875 87.088
26 50 101 79.829
1558 50 102.275 76.214
1557 50 103.55 73.864
1556 50 104.825 73.098
510 50 106.1 72.765
Pi 503 50 107.1 72.709
504 52.5 107.1 72.103
502 55 107.1 71.003
509 55 106.85 70.963
507 55 106.6 70.897
518 56.375 106.6 69.652
517 57.75 106.6 68.563
516 59.125 106.6 67.466
515 -60.5 106.6 66.708
523 60.5 106.35 66.629
519 60.5 106.1 66.5
660 61.25 106.1 65.782
Po. 659 62 106.1 65.174
794 64.25 105.3875 63.231
793 66.5 104.675 61.014
792 68.75 103.9625 58.597
P2 788 71 103.25 55.846
811 73.25 103.25 53.167
810 75.5 103.25 50.75
809 77.75 103.25 48.447
808 80 103.25 46.195
807 82.25 103.25 43.961
¥4 8o 84.5 103.25 41.754
‘805 86.75 103.25 39.576
804 89 103.25 37.467
803 91,25 103.25 35.451
802 93.5 103.25 33.632
801 95.75 103.25 32.424
F5 800 98 103.25 31.787
826 98 101.6125 31.707
825 98 99.975 30.964
824 08 98.3375 28.293
812 98 96.7 23.539
1495 98 99.05 14.777
1494 98 101.4 8.6669
1493 98 103.75 4.1972
1492 98 106.1 0
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