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SYNOPSIS

Many earth and fockfill dams have beeh observed to have
undergone large settlements and horizontal movements. ‘The
dam has experienced wide variety of movements, both in the
.upstream and the downstream direction. Correct assessment of
movements in dam are called for better understanding the
behaviour of the dam and to safe guard against cracks,
hydraulic fracturing, etc. related failure at design state

itself.

105 m height Djatiluhur dam as an inclined core
rockfill dam in Indonesia 1is identified performing with
significant deformation, started during construction period
till the present reservoir operation period. Therefore, it

is of interest to evaluate its behaviour.

This study 4s limited to analyze and compare the
computed and the observed values of deformations Djatiluhur
rockfill dam, to validate the model and thereafter to
evaluate the dam performance. Central section of Djatiluhur
Dam (100L-section) has been selected to be analyzed, which
is in maximum height and is known to have occurrences of
maximum observed deformations stated. 3D FEM incremental
non-linear analyses under static condition were performed by
using models of material properties based on hyperbolic
elastic stress-strain relationship. Since the material
. properties were not available for the analysis, 3D FEM
analysis was done with 3 sets of wvalues. Model-1 has been
selected by comparing observed slopes settlements with the
computed values. Subsequently, discussions on those results
are figufed out ‘in_ order to predict behaviours and

performance of the dam.

Synopsis .xH



The dam has been discretised into 432 numbers of 8
nodded brick elements, which consists of 637 nodes includihg
considered layer of foundation. The finite element bases
package “PENTAGON3D” is used to énalysis the deformations,

stresses and other related behaviours of the dam.

The interpretation of observations and results of
analysis with Model-1 values reveals in the following

paragraphs.
¢ Performance of the dam during construction period.

Presence of tenéile zone in the top zone, susceptibility
on the quality control during construction period, and the
availability of high-plasticity <clay predictably and
potentially initiated unstable behaviours of the . dam.
Large value of the observed downstream horizontal
deformation values may be due to elasto-plastic behaviour
of the soil at observed location, where is not modeled in

the analysis.

The principal stresses in thé core are lower as compared
to the shell material at all the levels except near crest
of the dam and in upstream toe of the core. The maximum
stresses are observed at the-base of the dam in upstream

toe of core enlargement portion.

The load transfer ratio indicates load transferred from
core to shell for about 70 m height along the core height,

except near crest of the dam.

¢ Performance of the dam during first reservoir filling.

The second consolidation that could not be modeled by‘
numerical analysis probably initiated occurrence of the
cracks, which presence of differential settlements and

tensile zone are not confirmed by the analytical results.

Synopsis xiii



Presence of tensile zone in the top zone and
susceptibility of cracks along vertical plane due to
hydraulic fracturing potentially initiated the occurrence
of unseen-internal cracks and gradually initiated

settlements on the dam crest.

Unsatisfactory agreement is found in comparison between
calculated and the observed values of upstream-downstream
slope settlements and Ahorizontal deformations. These
large movements may be due to effects of softening caused
excessive strength loss in submerged shell and core and
gradually, it initiate plastification of the materials.
Susceptibility on the quality control during construction
period and the availability of high-plasticity clay

simultaneously cause these large movements of the dam.

The principal stresses 1in the ﬁpstream shell zone are
lower than those in core and downstream shell zones. The
maximum major and minor principal stress continuously
observed at the base of the dam in upstream toe of core

enlargement portion.

The core zone is generally safe against occurrence of the
horizontal cracks due to hydraulic fracturing and thére is

no tensile zone within the dam at end of filling.

Synopsis , iy



CHAPTER 1
" INTRODUCTION

1.1. GENERAL

In its simple and oldest form the embankment dam was
constructed with low permeability soils to a normally
homogenéous profile. Principally recognized that larger
embankment dams required two components, a water-barrier or
core of very low permeability soil and supporting shoulders
of coarser earthfill or rockfill, to provide structural
~stability. Given the advancements in technique of design and
soil testing, the possibility of sliding failure éan be
almost completely eliminated. Adequate knowledge and
experience 1s now available to enable the designer to devise
effective measures to protect the dam, provided these are

correctly implemented and maintained.

In case of the rockfill dam type, the location of the
core on the zoned rockfill dam is going to affect its
performance. The factors that affect the design of the core
are the core material, core thickness and the core position
within the dam section. Design analysis based on the stress
“and strain relationship of the material used and core
location should ©be taken to ensure its performance

effectiveness.

With the construction of the embankments, as well as
rockfill dams, stresses are induced in the foundation and in
embankment accompanied by the displacement. The stresses and
displacement play vital role in the stability of the
embankment. Furthermore, the effectiveness of any embankment

design depends not only on the stability of the slopes, but
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‘on prediction of displacement also so that these can be
restricted within acéeptable limits. This has 1led to the
development of analytical method, based on the stress and

strain relationship of the material used.

Many earth and rockfill dams have been observed to
undergo large settlements and horizontal movements. The dam
has experienced wide variety of movements, both in the
upstream and the downstream direction. These complex
movements need to be studied under the combined effects of
two Counteracting effects of reservoir filling namely (1)
.the water loads on the dam and (2) the 'softening and
weakening of the dam fill material due to wetting (Nobari
and Duncan, 1972). Correct assessments of movements in dam
are called for better understanding the behaviour of the dam
and to safeguard against cracks, hydraulic fracturing, etc.

related failure at design stage itself.

Three-Dimensional Finite Element Method can be applied
in such analysis. The method can be systematically
programmed into software to accommodate such complex and
difficult problems as non-homogeneous materials, nonlinear

stress-strain behavior and complicated boundary conditions.

Theories of elasticity and plasticity have been widely
used 1in geotéchnical engineering for problems involving
small and large strain to which neither the theory of
elasticity and plasticity are directly appiicable.
Furthermore, actual boundary conditions are often difficult
to incorporate into the critical solutions. Recent
developments of numerical methods, particularly in the
Finite Element Method, have provided new computational
capabilities making it possible to handle many complex
boundary condition and material nonlineaiity. The accuracy'

"of the Finite Element Method depends on the proper
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incorporation of nonlinear constitutive equations of the

soil.

1.2. IMPORTANCE OF DEFORMATION CONSIDERATION

The stability of a rockfill dam during construction or
normal operation  1is conventionally bexamined using
equilibrium methods of stability analysis. These procedures
indicate the factor of safety of the dam with respect to
instability, but they provide no information regarding the
deformation of the dam. In recent years, there has been a
growing realization of the need to determine the deformation
of a dam dﬁring construction or operation. These

deformations may be of interest for a number of reasons:

1. Excessive settlements can lead to loss of freeboard and

danger of overtopping.

2. Excessive spreading of an embankment may lead to the
formation of longitudinal cracks, which adversely affect
its stability. Such cracks have been observed in many

embankment built on clay foundations.

3. Differential settlements between sections along the axis
of a dam may lead to dévelopment of transverse cracks
through the embankment, which could allow passage of water

and progressive failure by erosion and piping.

4. Differential settlements between the core and the shell of
a zoned embankment can lead té reduction in the stresses
in the core, and may result in hydraulic fracturing if the
stresses at any elevation are reduced to values less than
the pressure of the water at the same elevation (Seed,

Duncan and Idriss, 1975).
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5. Deformation pattern of the upstream face particularly
under the water load of the reserveir is necessary for the
proper design of the concrete facing of a concrete faced
rockfill dam. A crack on the concrete face may lead to
seeping of water through it thereby softening of f£fill
material and an unexpected deformationl of the fill

material may lead to further failure of concrete face.

6. Conduits through or under embankment suffer from
stretching to one portion and compression to other portion
due to deformation of the dam. It may lead to cracking and
concentration of tension in the conduit and hence the
deformations of the embankment need to be known as well as
the magnitude of such deformation for the safe design of

underlying conduits.

7. On wide rivers concrete gravity spillways are often built
in the main river channel with earth dam embankment on
each end. The connections are usually made simply by
extending the concrete dam into the earth dam, and
wrapping the embankment slopes éround the end of the
concrete dam on both sides. The embankment dam 1is
generally compacted directly against the concrete dam with
heavy rollers; therefore high embankment settlement would
not be anticipated. In some cases the dams are fairly high
at the junctions, creating a situation with potential for

differential settlement cracking (Sherard, 1973).

1.3. PURPOSES AND SCOPE OF THE STUDY

This study is 1limited to analyze and compare the
- computed and the observed values of deformations of 105 m
height Djatiluhur rockfill dam  with inclined core

constructed in 1967 in Indonesia, to validate the model and
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thereafter to evaluate the dam performance.

Central section of Djatiluhur Dam (100L-section) has
been selected to be analyzed, which is in maximum height and
is known to have occurrences of maximum  observed
deformations. Three-dimensional incremental non-linear
analyses under static condition were performed by using

three models of material properties (Para;4;4.4) in absence
~of correct data. Subsequently, the best-fit model has been
selected and used for further analysis in order to predict

behaviour and performance of the dam.

Two different periods under different stages are

included in the analysis. These are detailed as below:

1. Construction period.
The dam was modeled to be constructed in multi stages
by simulating sequence of the construction to study
effects of incremental construction of the dam. Static
condition and embankment gravity loads were applied in

the.mathematical model of the dam.

2. Reservoir filling period.
Softening and water-loading condition are incorporated
in the model to study effects of the reservoir filling

and reservoir is assumed to be filled in multi stages.

While studying both mentioned conditions, the following

factors are studied:

1. Vertical and horizontal deformations.
Predicted contours of deformations within the section
will be discussed. Maximum magnitude, direction and its
variations will be explained in detail. Subsequently,
at the same locations the predicted magnitudes are

being compared with observed ones.
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2. Major and minor principal stresses.
Predicted contours of stresses within the section will
be discussed. Maximum magnitude, direction and its

variations will be explaired in detail.

3. Load transfer between core and shell.
This load transfer can be evaluated by comparing the
computed values of the major principle stress in the
core and the core -overburden pressure at any given
depth below the crest. The ratio less than one indicate
load transfer from core to shell, while the ratios
greater than 1.0 indicate load transfer from the shell

on the core.

4. Hydraulic fracturing susceptibility.
In this matter, predicted contour of total vertical
stresses within the core zone will be studied to
predict occurrence of hydraulic fracturing. Hydraulic
fracturing or the formation of hydraulically» induced
cracks in the core caﬁ occur when the water pressure at
a given depth (ocl) exceed the total vertical stress at

the same depth (Kulhawy et al., 1976).

5. Potential cracks susceptibility.
Predicted 3-dimensional contours of deformations within
the section will be discussed. Significant differences
of deformations within adjacent =zones either in
longitudinal or transversal directions should be
identified to predict occurrence of embankment cracks.
Moreover, evidence of longitudinal cracks appearing at
the dam crest may probably partially be attributed to

the tensile stress obtained in the analysis (Sherard,

1963).
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6. Potential plastifiction zone identification.
Study on comparison between predicted and observed
deformations is performed to identify potential
material plastification developed within core zone.
When observed settlement increments exceed beyond the
normal, it could be an indication of plastification of
the materials in the zone indicated which. A
deformation of horizontal -extension in a direction
parallel to the river causes a reduction in the
horizontal confining stress, to a degree that the
material plastifies (Albero et.al, 1982, at Chicoasen

dam) .

7. Secondary consolidation due to several factors such as
dissipation of pore water pressure under a constant
embankment load, settlement due to infiltration during
reservoir filling and creep (Inoue et.al, 2000, at

Tahamara dam).

1.4. THE ORGANISATION OF DISSERTATION

The study is presented in seven chapters. The contents
of each chapter are briefly indicated below.
Chapter 1 : Introduction of the ©problem, scope and

objective of study are given.

Chapter 2 : Review of literature has been given in this
chapter.
Chapter 3 : The finite element method and theoretical

background have been discussed in this
chapter.

Chapter 4 : Brief description of the Djatiluhur Dam and
PENTAGON3D program software has been given

in this chapter, including the presentation

Chapter 1: Introduction ‘ -7-



of the mathematical models used and the
analysis performed.

Chapter 5 : Gives the results and the discussion of

results.
Chapter 6 : Gives the conclusions and suggestions for

further study.
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4 | CHAPTER 2
REVIEW OF LITERATURE_ .

2..1. GENERAL

Manv earth and.‘rockfill dams-'have_.been’ obserVed'Vto
undergo'large settlements and horizontal movements( The~damsr-
“ have experlenced wide varlety of movements, "both in the'
»’upstream.. direction 1‘ and ;'-the' downstream " direction.
Measurements made in many earth and’ rockflll dams have shown;
that large settlements, horlzontal movements' and cracklng:‘l
are frequently caused-by.reserv01r fllllng The mOVement‘of"
embankment due to' flrst fllllng of reservoir is 'most.
31gn1f1cant as measured and observed in a number of dams.
‘The magnltude,' rate and dlrectlon of dlsplacement at a
spe01f1c p01nt w1th1n a danl may change durlng dlfferentr
Aphases of constructlon of the dam and - operatlon of the
1reserv01r. ' _
N The . studles about performance of dams .w1th reservorri”
'fllllng and the use- of three dlmen51onal analy31s of flnlte.:
element method for'fa ,few: dams for _thls load ncondltlon:'

available rn llterature‘are;deseribed helow.

2. 2 LAYERED ANALSYSIS OF EMBANKMENT DAM

Embankments are bullt up in’ relatlvely thin horlzontal
.layers.vConSequently,'there w1ll be_a large number of layers
during the oonstruction_of ailarge dam; The:limitations_of‘
.oomputer modeling requlre‘relativelyfthiCK layequto.be.useddA‘
:'in theﬁidealization ‘In the past, tb‘prdvide'an insight into
the ,errors 1nvolved the "closed» form solution of .the-

incremental analysls~ ‘was usually compared',to the .finite:
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element ‘layered’ analysis using a one-dimensional model,
which represents either a soil column or a fill of 1large
lateral extent. In the next approach of the conventional
stress deformation, the Structure is assumed to be completed
in single stage .and -the gravity load is applied
instantaneously as an external load to the complete
~structure. This conventional solution treats the gravity
effects as an external load applied to the finished
structure and valid if the state of the stresses in the
structure 1s statically determinate at all stage of
construction  process, but in actual condition most
embankments are constructed in layers by incremental process
and the load 1is accumulated gradually during .construction.

This invalidates the assumption of one stage layer analysis.

Goodman and Brown (at Prasetyadhi, 2004) considered the
difference between incremental construction and
instantaneous loading in stress analysis of embankments.
.They focused on the stresses and displacement in structures,
which is caused by the dead weight applied on the placing of
material in layer. As an example, the case of an embankment
built up in horizontal layers is considered and the stress
results lead to a rational description of the rotational
instability of slopes. The elastic analysis developed
indicates the dependence on the construction sequence of the
stress distribution in statically indeterminate structures.
It predicts the curved failure surfaces observed in
embankments and provides .an explanation for the appearance

~of cracks on the top surface of steeps cuts.

Later Clough and Woodward (1967) applied this concept
of incremental construction to the analysis of earth dam by
finite element method. They evaluated the effect of

incremental construction which the standard embankment was
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pflrst analyzed cons1der1ng it to be constructed in 31nglee.
Clift, and. was then reanalyzed | w1th the incremental

'constructlon process uSJ_ng ‘10 llfts The ‘stress. dlstrlbutlon_"v
determlned in the. two cases 1nd1cated 31mllar pattern. Thei

dlsplacements were, in contrast, found to be- con31derably
affected by- construction7v process The horlzontal:
dlsplacements were seen to. be. qulte 81mllar in both cases
but the vertical dlsplacement for single 1lift case was seen‘
to be- the largest at the top due the -fact that they are
merely the' 1ntegrated stralns developed ‘over the: fullﬁ

.helght The 1ncremental analYSisf' however, 7shows"zero“

: vertlcal dlsplacement _at the"top, because after the top

'layers were "placed, . ' no further stralns were developed The_f

max1mum vertlcal dlsplacement 1n thlS case occurs ‘near . mld_4

helght as the reglon dis; affected by all’ the stralns

occurrlng below this level as shown_ln Flg.2.l;

. Segled NI a0 it e

‘Veéitical disprempnt;intest

Fig{211.aDiSplacements‘due to dead weight'in standard dam
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The important question remains, however, as to the
number of lifts required in order to obtain good accuracy in
the solution. For’comparison purposes, an analysis was made
of the standard embankment considering 7 1lifts and 14 1lifts.
Vertical displacements computed at the 15 ft level and at 60
ft level are plotted

in Fig.2.2 for both
10
- cases. Both sets of
+ 7-1ift constructivn
O 14t copstruction /ﬁ' data points fall on
03
60 il level- the same curve for
E k! .
2 both elevations.
o 08 b— . .
g Thus it is clear
E .
BN
2 that seven lift
E 0.3
8 analyses provide an
g 15 e levpt~—y
: //¢>/ adeguate
02 ” ,
e representation of
L
, J}M/ﬂ/ J( the construction
9 hl
Y 100 200 306 procedure.
Distance frons Loy, ia fesd

Fig 2.2. Displacements in standard
dam: 7 & 14 lifts construction.

Naylor and Mattar (1988) studied about the effect of
stiffness reduction factor (f) as one of main parameter in
material properties model used, to reduce the layer
analysis. They made a comparison in two cases, first case
with linear elastic model (f=4) and K-G model (£f=3) . The
difference was insignificant and the second case described
the effect of varying f and the number of layers being kept
constant at six, shown in Fig. 2.3 (a-b). The modeling of
the construction of Beliche dam, Brazil, was investigated
"with this effect. K-G model, f equal to 3 with 2, 3 and 6

layers was used in the modeling. The very small difference
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of‘displaéement‘ffom the resﬁlt Was'obServed‘ Even with only
two layers the central dlsplacement only’ differs- sllghtlyf
from that " in' the ’51x—layer ‘analysis. The study. .concluded

.that the wvalue of stiffness reductlon.factor-frmn'S to'53_'
_ with~non4linear'analySis gould‘fedUce the layered,aﬁaleis
.up'to 4 to 6 layerSffit*Qili‘nqrmally'be Sufficiént in any-

embénkment'dam'analysis.

(=) Lircer elzstic (£=4) . L  EB)RAG modal. (2—3)
- . a J’oage.nd A 3 layecs
- 6 tayers:
' __.x—-12 Iayars

Fig}2,3(a).-Rigid,shQulder study%effect of number of 1ayer':

- on settlement

G - = y : ’ -
- —. (] I e
‘ma 200 Sy 00 ] 268 &5
" (a) Lindsr clastic L T (BY ®eG-mcast

Ic:d:zd Ly £ w2000
' R & 3 LA o, 3. % (E-GJ .
PR - - 0 1

Ei§.2.3(b)] Rigid ,"shouiderH' stdderffect of 6 layers’

‘analysis.
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Fig.2.3(c). Settlement on Baliche dam centre:line.

2.3. ANALYSIS OF MAJOR DAMS
2.3.1. Analysis of Oroville Dam

Nobari and Duncan (1972) used finite element method to
describe the mo&ement of the dam due to reservoir filling.
The stresses in the part of the dam wetted by the reservoir
are changed very significantly by effect of buoyancy and
'water loading. The movements in Oroville dam were calculated
using the finite element procedure and were compared with
those measured during reservoir filling. The Oroville dam is
235 m high with a modérately inclined central core and thick
shells of rockfill compacted to 100% relative density on
either side of core.

The effect of reservoir filling on zoned dam is
illustrated in Fig.2.4. These effects that result directly

from the water loading are in following:

1. The water load on the core causes downstream and downward
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movements.
2.The water load on the upstream foundatlon causes. upstream

and downward movements

‘3. The buoyant upllft forces in the ‘. upstream shell cause
upward movements w1th1n thls zone.
4. The 'effect due to’ sthening and w_eakening"'caus‘ed by

wetting_Of the upstream shell mat'_'eria.l.

1, Water load oni core ‘2. Water laad on -foundation - -

. S’e;t,lfeﬂi;eé!' die
to welting -

3.Buoyant oplift on - “ o Softenmg due 10 wettmg
upstream shell _ . ) upsiream shelt matenal .

: Fig'.2' 4. Effects of re,se_rvoir filling- on the zoned dam‘.-

4The- study of the movements of the Orov1lle dam was
d’escrib’ed as below. “The movements flrst in the upstream
direCtion and later -Ain _ the. downstream dlrectlon durlng'
contlnuous rise of the reserv01r can be explained in terms.
of the counteractlng effects of softenlng of the. upstream
.shell and the water load on the core. The upstream movements,:
caused by softenlng are-. greatest durlng the flrst stage of_.
preservorr filling because the._amount of compress:.on .due toﬂ
“wetting is  greatest ‘when oVerburden pressure'is” large. The
'downstream movements caused by water loads, on the - other".
hand,_ are greatest durlng the later stages of "reservoiri

.'._filling,pbecause the water load on the core increases as the
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square of the depth of the impounded water. Therefore,
movements. resulting from softening due to wetting dominate
during the early stages of reservoir filling and movements
- resulting from the water load dominate during the later
stages, with the result that the dam moves first upstream
and then downstream.

Nobari and Duncan developed the finite element
procedure which may be used to calculate movements and
stress changes in dams during reservoir filling, taking into
account the effects of softening of the shell material due
to wetting, as well as the effect of water loads. Contours
of the calculated horizontal movements are shown in Fig.2.5.
The movements are in the downstream direction throughout
most of the dam, with exception of the toe of the upstream

'slope.

H

85—~

I3
Disptacement ¢onlours are n feet. downstream-—=is posilive

'Fig. 2.5. Horizontal displacement due to reservoir filling

Contours of the calculated vertical settlements are
shown in Fig. .2.6. Throughout most of the embankment the
calculated settlements due to reservoir filling were. between
zero and 0.5 ft. At the upstream toe of the dam and at the
downstream edge of the crest, the calculations indicated a
small amount of heave. Within the upstream shell the

settlements are dominated by cempression of shell material
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_:-due to.wetting and the tendenCyv for . expans'iOn 'ofv_she'll" as
the effectlve stresses are reduced by submergence These<two"'
‘counteractlng effects ‘result in. settlement that is largest::‘
,near mld helght of the dam In addltlon, it may be notedv_:‘
that- the. downward movement of materlal W1th1n most of the'
upstream shell results in- a dlsplacement of materlal in the
upstream dlrectlon and a'.small--_ amount of heave near the’

'upstream toe..

e*i‘«.meﬂ i

.b_"‘i'g.2 .6. Vertical 'displacement "due, to reservoir filling

The movements of. the core calculated in thlS procedure

are shown in Fig. 2.7.°

: § Crestel 822y | © tin " ] Crestel822n - -
IS o5 g £1.868° R i hais. W
=z
g s
= tanl R ' X
et N mﬁ;‘;w \ . oL -Horizontal
‘ﬁ' 400k N “gm ' movcmcnts
by . N -clc zalcutat
300 ] : for these po
200‘ R W T B B 3 § '|. : s
T4 W o8 oz TR 10
.~ ‘Upstream -—}-—- Downstream.
HOR'ZONTAL MOVEMENT IN FEET

}_.'Eig.2.71. - Calculated -horizontal 4mo"v‘eme-nts at "3 stages _of'-‘..

' reservoir filling, Orovilie dam -
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The undeflected position of the core before reservoir

filling is represented by vertical 1line and subsequent

horizontal movements are indicated to the left and right.

2.3.2. Analysis of Duncan Dam

Eisenstein, Krishnayya and Morgenstern (1972) analyzed

the history of cracking sequence at Duncan dam in Canada
"with finite element procedure which taking into account of

incremental loading, non linear stress-strain relations and

three dimensionality. Duncan dam, built in 1964-1967 on the

Duncan River in British Columbia, Canada, is an earthfill

dam of about 36 m height and 762 m length with an upstream

built valley

sloping core. The dam has been across a

‘underlain by buried canyon about 378 m deep that is filled

with sediment. The stratigraphy of the foundation is rather

irregular with the upper layer possessing considerable

compressibility. A typical cross section of the dam and

longitudinal section are shown in Fig.2.8.
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Fig.2.8(a) .

Typical Cross Section of Duncan Dam
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Fig.2.8(b) . Longitudinal section’ of Duncan Dam and .

foundation- show1ng constructlon 'sequence . and
location of crack

-The des1gners of the dam ant1c1pated large amount of"
settlement and deSLgned the dam to accommodate these. Whlle5
the predlcted and observed settlements agreed” in their
magnltudes the observed dlstrlbutlon pattern dlffered fromi
the predlcted one. The maximum settlement that was expected
beneath the middle of the dam flnally appeared to be close’
-to the left .abutment. Thls .non—unlformlty exaggerated.'thel
'dlfferentlal movements and as a result . transverse cracksy
vappeared in an area located at the upstream 81de of - the dam
lclose to “the- left abutment All the cracks d1d not appear”‘
‘31multaneously and at the same level of" fllllng, 1llustrated_‘
in Flg 2.9. | ‘

The: dam' has been'ianalyied- by.:a. 3-D 'finite element
program ~using ~heXahedraI:'isoparametric elements with~ 8
nodes. The analysis has been Zperformed incrementally and
follows the actual sequence of fllllng The. elastic
‘parameters have been derlved from stress straln relatlonshlp

_obtalned»from tri-axial compress1on tests on the core and
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shell materials. The curves were introduced directly into
the computer point by point and the tangent material
stiffness parameters were interpolated from them according
to the particular level of deviator and minor principal
stresses. The volumetric strain data were truncated to
preclude any dilatancy. The results of the area computed to
be in tension agreed well with the position of the cracks

observed on the dam.

1
y
SCALE.
NPT
D 20 404t
SECTIORN(Q—r— — - o pomatrsn
~. 1708
— VERTICAL LINEZS . : ' { 2 , @
- P 3 "' 3 E
SECTION AT S “‘\ S — g
é. D-S’ANCE . VERTICAL UNE - / "' " ﬂ\"ﬁ VERTICAL LINE. -!z_'% g
ﬁ 410' ;QDM Lin g _..--" - - . ;
< ABUTRENT s :.-.:tﬂ.:.» Jin':cg{ LINE m % AUG 1t CRACKS: e e | c o Z
& - . i3 AUG 220d CRACKS weewwy  © | 2
: gp o i act d8ih cuocs---o—f [+ 8
seCnoNG> : - 5 L
SECTIONGE sectich® secnon@‘; sscno_u@t
g SEITLEMENT GAUGE Ne. 14

Fig.2.9. The Cracking Sequence

The results from incremental analysis were- consistent
with both location of the cracks and their propagation
during construction. Hence it can be inferred that finite
element analysis can provide substantial information about
stress and deformation and regarding the location and ektent

of cracks in earth dams.

2.3.3. Analysis of Mica Dam

FEisenstein and Simmons (1975) investigated the
construction settlements and stresses of Mica dam in British

Columbia, Canada by three dimensional' finite element
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analyses. The ‘243 m high earthfill structure in a skewed and'
steep valley has ~ been ' extens1vely instrumented -and
-observatlons are taken regularly Wlth the crest length 792

m, the dam has L/H ratlo 3.26 accordlngly ' Thevmalnvsectl.on'

of the dam is flgured below

L—- dam axis... . -
11”!

normal max. resarvair L M3e o, 2500 1t ‘
. 1.5
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‘al, 2475 ft ~———cmpge—r—
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el. 2320 uwmm—-—- P

slonu protecﬂon . o
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ongmal nverhgd 7 ol. 1§_8_5 1#

o v e Tt g s A

.__R.O.

R H : .
Zbédmclé z tubswells

oy e e s s e

 Scale E BLANKET GROUTING
0 - 200 400ft _ R
' . MAIN SECTION ~ :
ZONE DESCRIPTION
Mi . Core, glacial till in 25 &m (10") Iavers -
M2 .. Main shell, sand and gravel in 30 cm (12"} layess,
ST changed during tonstruction to 45 cm {18”) layers
.M28H - loner zoneof poorer M2 materials -
M3 ' ‘Cora support zong, sand ‘and’ gravsl or mck in 16 cm (6")
) . layers T
- M4 Outer shati, sand and grava! or rock in 60°cin (24")
.7 layers . TF
" Drawdown  Gravel, cobbles and hou!dels or rock in 60 cm (24"}
. Zone - layers - - . o
. o " R.O. o jOrlgmai Rwer Overburden

Figure 2.10. Main Transverse Section of ‘Mica Dam

'Th'e dam S axis':'is sllghtly curved upstream to add
'_archlng actlon as a measure agalnst cracklng A 3 D flnlte:
element program FENA3D was used 1n th.’LS study u81ng elght‘
nodded 1soparametr1c hexahedral elements and has optlons for

llnear as well as nonrllnear. stress—strain -relatlonshlp for.-
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'.incremental analysis. The mesh consisted of 254 elements and

276 nodes and the number of lifts taken were five with the
first 1lift modeling the river overburden excavation and the
remaining four 1lifts representing each of the four.
construction seasons (1969-1972) . As the study was
comparative in nature, following types of analyses were

performed:
1. Two-dimensional Linear Analysis

The mesh between Sta. 22+50 and 25450 was ;solated in
plane strain by fixing all nodes on or between these
~sections against cross-valley movement. Five lifts were used
to simulate filling and linear elastic parameters

represented the seven different materials in. the embankment.
2. Three-dimensional Linear Analysis

The full mesh was used, assuming rigid boundaries and
embankment filling in five .lifts, with the same linear

elastic parameter as in 2-D analysis.
3. Three-dimensional Linear Analysis with Bedrock Movements.

~Excavation of river overburden material for the core
trench caused bedrock to heave upward a maximum of about 15
‘'m. The heaved =zone when subsequently loaded by the fill
experienced settlements larger than elsewhere. The measured
vertical movements (heave or settlement) were used as known
displacements at appropriate boundary nodes. Since the
bedrock movements were related to the weight of fill, the
boundary displacements were applied incrementally with

corresponding lifts of the dam.
4. Three-dimensional Multi-linear Analysis

Using the non-linear approach, the deformation moduli of

individual elements were allowed to change with the stress
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level reached after each llft Thislanalysis alsoiincludedf“'
the bedrock movements The: computed displacements of ‘Mica
dam showed good agreement Wlth field measurement The plane
strain settlements were for most pOints ‘somewhat larger than’
the corresponding - "3-D results, ;thep maximum difference.
'amounting' to"less- than 20%. However,__Since the dlfference
was not . uniform within the profile investigated it could- be;
due to the coarse mesh. Horizontal movements were very: small
~'and no meaningful comparison could be made w1th the computedf‘
values. Of a conSiderable 1mportance were the horizontal
displacements computed by - the 3 D _analySis for" the. mainad
.transverse ‘section” 22+50 which. was "also the plane ~stra1n1
section :used in 2-D analy31s _‘The 'results,"shown ‘inl;
Fig;2.ll, | indicate - that - thejj' makimum ' longitudinal_
displacement -was 4 cm  as. opposed to .a maXimum vertical
displacement (w1thin the same section) of 82 cm ' The 3 D and'
.2 -D plane Strain stresses for the main transverse section in
‘the zoned dam were very 81milar 1ndicating that cross valleyﬁ

arching did not play “an important role . in the stress

-»transfer.”'
~ Qutling of Dar - NG
i utling ol _§ / Oulhm n! ‘4- DBam-Axis. \\..
i e Fi€ Mm 19703 g : NG
N .- 3_"
& ""i89a 'l' z /
Il ; 0 it
N<H— \ . ‘ 0.2
e "/ vomizontaL f
. /7 MOVEMENT' i
. /! .
o 200 400 e SCALE (FEET) 0
© | PLANSCALE:. ' 1
B-B — Main Transverso Seetion ‘ 0z

Fig;2,iigj Horizontal ‘displacements,'along the main -
transverse section at elevation 2150 due to-
further fill placement (linear analysis) ‘
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In order to separate the effects of non-homogeneity of
the zoned profile and of the arching across the narrow
valley, a 3-D analysis of an equivalent homogeneous
_embankment was performed. For this type of analysis a
modulus value was sought which would yield overall
displacement results matching approximately the overall
field behaviour. The major principal stress along a vertical
in the core is shown in Fig.2.12 for different analyses. It
is seen that for the homogeneous dam, there is a stress
transfer of about 30% from the core portion to the shell
portion, while for the zoned dam the stress transfer is of
the order of about 70% near the base. At higher elevations
where the geometric effects would be minimal, the stress
transfer was constant at about 10% and 40% respectively for

"the homogeneous and zoned embankment.

MAJOR PRINCIPAL STRESS (ksf)

‘0 20 a0 60 s
2500 g o~ : — a'o -’30
ELEV. 1 kaf = 0.895 kglem> ‘
- e .
Centrold Strasses

, Kis &nd D
() : ‘\\ \ Cora Cotuinn: Avorge of

2400
. e o Lisitor,, Inch. Budrodk Myis.

W e Lingac, Plane Steofn

Y 2\ W T O e Homoganeous Dam.
2300 +— \ D = 9800 ksf, pu = 0.28
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1800 -~

~— STRESS TRANSFER (% OF OVERBURDEN)

Fig.2.12. Major principle stresses along vertical
column of core
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Accordlng to 3 26 of L/H ratlo of the dam, the study“_
hconcluded that the 3-D flnlte element analys1s desplte the

coarseness of the mesh has successfully reproduced aspectsf'

of the. fleld behav1our of. Mlca dam Comparlson of 3-D.and 2—d

D analy51s indicated: that even w1th a structure S0 markedly‘j

3= D-as Mica dam the main transverse sectlon can -be studled
u51ng the plane straln model w1thout a 81gn1flcant loss of‘
accuracy. Thus lncreased detall and the - complex1ty of;
'stress straln response that .can be 1ncorporated 1nto 2- D

‘analyses’ appear ‘to be more rewardlng than efforts spent one

.3-D modellng Also, the" need for 3- D. analy51s remains when

~ studying - the cracklng potentlal of a ~ dam. “ Such potent1al“=

fusually 1s -highest near abutments where a 2 D analy81s can

'shed no llght at : all. Con51derable _but thoughtfulf"'

51mpl1f1catlon of - materlal behav1our can be "made and StlllA
produce .adequate 1nformatlon for .des;gn and mon;torlng~:

purposes.

'2.3.4. Analysis of Chicoasen Dam.

Marsal'and Moreno (1979) reportad of the changlng ofV
the dam design due’ to analyses of_ the stress strain
-'computatlon with flnlte element method at. Chlcoasen dam,”
'Mex1co Ch;coasen damllssan»earth and.rockflll embankment

210 m high oner 'riverbed with maximum heiéht ,over thef—

bedrock of 264 m. The flrst stress deformatlon studles were “”

made for the orlglnal de31gn;'of- the dam, whlch had an"
central impervious'core (caSe'IYu as shown on Fig.2. 13.

The finite elementt.method,.was .used ‘and non-linear.
'elasticsanalyses were COnfined'to'theVCase of plane strain.
‘Therefore, two main cross sectlons were con51dered (1) thea

maximum cross section of the dam,-ln'a_planeeparallel to - the
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river and (2) the transverse cross section along the dam

axis.

4 _
WEBQS ¢ 100

NaMin, 33@ ‘/ - Lo

meters

TR — i ¢
Cj( (2) ¢ ﬁhmmmwamnm»
Elavations in meters
@ Neseo impermmsoble @ Errocgmiento Compactovo A Aoty aprss orribe
imporvious-core Compucted rockflll Upstream cofferdam
Fittros Enrocaminte a volleg Aloquie aguos abajo
Fliters @ Dumpsd rockfill 8 Downstream cofferdam
@ Jonos de lronsicion Rluvicn ¢ Laso de concrelo
Transition zones Alluviurn Concrete block

Fig.2.13. First modification of Chicoasen Dam,
vertical and central impervious core

Results disclosed a strong arching induced by the walls
of the canyon and also significant interaction between the
. compacted zones of the shells and the core. The consequence
of both effects was a substantial reduction in the vertical
stresses. At this stage of the studies, the lower gorge of
the canyon was not included in the analysis. Furthermore,
these studies suggested 3-D analyses, to take into account
the influence of the canyon walls and the acceptable
alluvial materials left in the river, on the distribution of

the stresses inside the embankment.

The 3-D finite element analysis was undertaken assuming
linear elastic behaviour of the embankment materials. The
mechanical characteristic and zoning of the cross section

were developed in five layers (case 2), shown on Fig.2.14.
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The analy81s showed that the vertlcal stresses w1th1ng

~the core are greater ‘than the' adjacent perv1ous zones,.

fparticularly'in the lower third of thepembankment .and‘they”‘

"Substantially' decrease tOWardsi the" abutments The max1mum

'x}alues"of o, are about 25 kg/cm ’ whlch are of the'j___'.'

same order of magnltude as the hydraullc head.

;Elwvmmwlbam . T ‘ : ’
" Dumped -rock#it e LB U aon . - Wom&
| B 4300 i e . 1 rockeill
= 020

YeiT

g 'compoc!ed mckﬂh 2y
{ _

Enrocamisaio. cami m ‘A‘
E=6olo Compoacled_rocktiil " 1
\ v=0,20 ¥
yEuT : i
AN e
A [
\ H
- . PRNESEL Y, m:v/alas .
/ Tfaimmmy Piitros __k lof’ depqsus
) ) Tronsmons and- tiltors. £:2:6000
Efovacionss y ocofocia anmerms ’ _Es?soo 0:40.
. Eleuaﬁons angd dlmenslons,in raefers 7"'2'0

= mdawbmafasﬂcfdadm:/mz o m,wmm“ .
—alastic modiulus - . .)’ ToRH, 2onsim3

fotal.unit: wetqhy .

Po)sson s roﬂo

_'Fig.2t14. Zoning of Materials”and properties, case 2

Based on those'resultsfﬂit was-proposed'to change the‘
zonlng H@terlals w1th1n the embankments ‘as 1llustrated by
Fig.2. 15V(case 3). Two zones of dumped rockflll adjacent tohll
'_the transrtlon materlals were: 1ncluded -and, in addltlon, a,p
-strlp 4 m w1de of soft clayey soil was . prov1ded along they:
'abutments. Results for case 3 51m1lar' ‘to those prev1ouslyb‘
commented (case 2). ‘Total vertlcal-stresses, cz-reached tob;
values up to 30 kg/cm2 near the bottom of the canyon,‘or ‘
about 1.5 . times the hydraullc head at that elevation.
However, o, values close to the. banks -are smaller than the

'corresponding water--pressure, thus dlSClOSlng zones of
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potential fracturing; this is particularly critical on the
left abutment and also a principal stress ratio in the upper
central zone of core was equal to 3 or greater, which
implies that the clayey material may be subject to large

deformations.

25 Enrocamionto o volleo
= pp Dumpad vocktlM .

Emmm!o
Cummctea rockfit
E=5000
»=0.28
N 1R -

%##ﬁé:jﬁfa: R

{ 4

£:6060 : _ £ Modio de. eXIStIeiad, (on /i
¥=030 ‘Elastic moduiug:
r=i8 ¥ Relocich de Foisson

Poisson's ratio

»= Peso volkamdirico fote!, .ion/m3
Total unit weight

= ¢ =

Fig.2.15. Longitudinal maximum cross section, case 3

Additional computations were made for a curved
embankment (radius of crest equal to 800 m). Comparison of
the stress states developed in this casé with those of the
straight crest structure did not reveal any significant
influence of the curvature, except on the upper 30 to 40 m
of the dam. The analysis was repeated considering a non-
linear elastic behaviour of the embankment materials. The
distribution of total stresses within the dam was similar to
that given by linear elastic analysis. Important
differences, however, were detected in the magnitude of the
_deformations calculated with the two above-mentioned
assumptions (linearity and non linearity). On the basis of

the stress-strain analyses briefly described, it was decided
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to b-uild' adjacent to the ‘tran'sj'.t'j_on,' two strlps lO m w1de,
made of uniform rockflll w1th nomlnal graln 'sizes comprlsed
between 15 and . 25 mm. -The flnalv modlfled cross sectlon is-

‘shown_ln‘Frg.2.16,

NAME 3955 (
AR SgS

!‘DCYEFS

fvacdfamu o m!m: '

A. Upstream cofferdam ~ -~ . . - 8. leestone (U- 3)

B. Downstream cofferdam s 9. Scaleinm ‘

-C. Concrete block : ~ . B. DI/S Cooferdam
|. 1. Impervious core _ R T Tajeria Material :
{ 2. Filter . 1Wmemmmammwwummmm

3. Transition zone o .C. Concrete -

4. Compacted rockfill - : 1C. LaCostllla Matenal

5. Dumped-rockfill - o

6. Selected rockfill

7. Alluvium

- Fig.2.16. Modified "Max,{crov_s's*'se_.ction _' o_f the Chicoase_n Dam

ffIn'the same dam, Moreno and Albero (1982) anaIYZed the:
magnitude ‘of dlsplacements and stresses induced 1n' the
_structure based -upon. the - observatlons recorded durlng'
construction .and the . flrst fllllng The recorded magnltudes
were obtalned from 1nstalled :Lnstruments such as benchmarks,"-
1ncllnometers, hydraullc levellng -deVJ.ces,- extensometers,‘. '

: piezometers, pressure cells-, crossarms and collector dralns

At the ‘end of constructlon, the J.nstruments showed a

symmetrlcal dlsplacement flled w1thout sharp changes of.‘_'

direction or magnltude Maxrmum settlement within the . core -
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was 2m, at E1.280 and differential settlement at this
between the core, filter and transition was less than 30 cm.
-Stress paths obtained from the pressure cells suggested that
the preéence of a plastified zone in the central part of the
core and of the filters and transitions, and also confirmed
by the data from the inclinometers and crossarms. Just as
occurred in the Infiernillo dam, a notable increment in
settlements along the wupper boundary of the zone of
plastification is to be expgcted in the long term after the
first filling, as is the extension of this zone towards the
upstream shell. To clarify this point, long-term observation

will be required.

At the first of reservoir filling, the instruments
showed the pronounced settlements in the zone of the
upstream rockfill, transition énd filter between E1.270 and
320 (upper boundary of zone of plastification). This marked
increase in settlements is due to the plastification of the
materials in the zone indicated which. A deformation of
horizontal extension in a direction parallel to the river
causes a reduction in the horizontal confining stress, to a
degree that the material plastifies. The maximum settlement

stated in the centre of the core is of the order of 2.30 m.
2.3.5. Analysis of Dartmouth Dam

Adikari, Donald and Parkin (1982) 'had studied about
Dartmouth dam, a 180 m high rockfill with a central clay
core and well instrumented, located in North-Eastern
Victoria, Australia. A non-linear finite  element analysis
simulating its construction behaviour was carried out,
taking into account the water load prevailing at the end of
construction. The finite element mesh to represent the

maximum cross section of the dam was formed of four-node
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'linear:isoparametric_quadrilateral; The'mésh‘has been‘buiit,:
up iﬁ>iO equal'layéré/>to Simuiate coﬁstruction in;10liiffs;.

arid the- nodal p01nts hévef béén Chogén to' éoinCidé ~with
1nstrument location as. far ‘as practlcable. The.mesh.haé‘not
been contlnued 1nto foundatlon as it was. assumedx-fo be’
effectlvely‘rlg;d and bavlng no_s;gnifiéance to' deformation.

‘within the dam.

Fig;2.17(a); Settlement Profile at_Elev,370_f

&
Dam
Axls.

«

Fig.Z;l?(b).'Horizontal Movémént<Prdfile at Elev.370
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At the end of construction the reservoir water was 60%
full and therefore it was necessary to incorporate 6 steps
of incremental reservoir filling into analysis. The water
load acts oﬁ the upstream face of the core and filling is
assumed to be rapid. Agreements of the result of predicted
.and measured values of displacement are generally
satisfactory, as shown In Fig.2.19. The highest stress
occurs in the filter zone but the core stresses are lower,
the maximum being about 50% of the maximum stress in the
filter =zone. The stiffer filter zones have resulted in
significant interaction effects and a reduction in vertical
stresses in the core at all elevations. The prediction of
construction pore pressure 1in core has taken into account
the difference in laboratory pore pressure response of
material placed (between elev. +400 and +430) from that of
.the rest of the core material. Negative pore pressure were
recorded at that location since November 1977 until positive
reading were obtained in March 1979, and have remained

positive but only a few meters head.

The behaviour of the material at this location
indicates that the locad transfer could have been a

significant contributory cause for negative pressures.

Some difference between measured and predicted
behaviour would appear to be unavoidable. Possible sources
of error may be found in the approximations in forming the
. constitutive law, the use of tri-axial Adata in a plane
strain problem and in the inadequate representation of real
variations in material properties, including anisotropy due

to rolling and variations in placement moisture content.
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2.3.6. Analysis of Tehri Dam
_ - ‘8ingh, Gupta 'and' éaini (1985) have presented a 3 D
lflnlte element analy31s of the Tehrl dam to study the effect“

"of prov1d1ng curvature to the Laxis under dlfferent loadlng,;
condltlon, viz. end of constructlon stage and reserv01r fullf‘
condition stage _ Tehr1 dam'fisa 260 5 m hlgh earth .and
rockflll dam with - a central moderately inclined core. w1th
upstream and downstream tran51tlon zones The gorge«at the’

dam site . is narrow w1th slopes at 1. 1H 1V

Of damsectionat B witr . (ok 20 dam section at B15 with
maximum core height (Sec.l} L  maximum dfs slope (Se¢. 2)

:‘Figure 2}18.;CrOSs'Section'of'Tehri-Dam

In the study, .the -constructlon Jin Single ‘lift' wasl
'.assumed and full reserv01r load. was also 'applled in one
stage. The valley shape was assumed to be V- shaped and the.

linear . materlal behav1our was’ used for the analy51s ‘with thell

stralght and. curved ax1s ’(radlus' equal to 800 ‘m) . '~The.g

computer program used 20 nodded 1soparametr1c brlck element
The water load has been accounted for as ‘below:

a. Water load on core '

b. Buoyancy effect in the’ shell

C. Addltlonal welght of core zone due to saturatlon.
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The results show that there is no significant change in
the stresses and displacements in the dam with straight and
curved axis for both loading combinations. It is observed
that at the vertical normal compressive stresses got reduced
in most part of upstream shell and increased in downstream
shell for reservoir full condition. The horizontal stresses
at end of construction get reduced allover the section with
the filling of reservoir. The cross-valley horizontal
' stresses in the reservoir filling condition are reduced in
the upstream shell but 1in the core the stresses are
increased. Allover the upstream faces of the core, the
stresses aré less than the reservoir water pressure
indicating potential for hydraulic fracturing. The minor
principal stress for the reservoir full over the central
section and longitudinal section across the valley have
shown that even though the cross section of the dam does not
appear under any appreciable tension, there is a large
tensile zone in the shell extending from one abutment to
.another. To predict cracking, therefore, a 3-D analysis is
_ necessary; as crack cannot be predicted by 2-D analysis and
also to study the indication of the occurrence of hydraulic

fracturing in the dam.

2.3.7. Analysis of Dabaklamm Dam

Schober and Hupfauf (1991) have studied, using 3D FEM,
the behaviour of embankment dams in narrow Valléy with
Dabaklamm dam in Austria as a study case. The Dabaklamm dam
.is a central core dam With 220 m height, as shoﬁn in
Fig.2.19. The foundation of shell zone on the upstream side

rests on the compressible overburden of fluvial sediments.
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" The 1;5:ratiovoftcrest.lehgth;to.dem height'indioates'a
nsrrow vélley situatioh.7The'behaViorfin narrow Vallej is’
dependeht on several ihfluentiel féotors, whereby valley.
‘shape 'stands  in ‘_the foreground Furthermore,v the -
_deformablllty and - shear reSLStance of the f£i11 materlal the
5'zon1ng of the dam sectlon, fthe roughness of the valleyh
hflanks and the bearlng behav1our of the foundatlon are‘of_h

.con51derable 81gn1f1cance

Fig.2.22. Dabaklamm Dam o
1. Barth Core = . 2. Shell Zenes
3. Overburden = ~ 4. Bedrock '
a. Arching effect- : o

Fig.2.19. Cross section.of.babaklamm Dam

Both deformatlon and stress COI’IdlthI’lS were measuredf
durlng and after flllll’lg Fig S 2. 20 shows several results
3for -a flank frlctlon, angile _of 37'. The pOlnts atv Whlchh_'
j-stresses ‘were measured are_.eiso. marked on the FE—net:;on

Fig.2.20 (a).
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a. FEM net, M points msrmnt. b. oy Isolines

c. Main Stress RAxis

d. Isolines of Material Utilization Factor

e. Settlement Isolines g. Vectors of Deformation

Figure 2.20. FEM Calculation Results of Dabaklamm Dam Model

Fig.2.21 (a) shows a comparison of the vertical and
horizontal stresses measured in the model with calculated
values for wvaries of the flanks. Fig.2.21(b) shows the
amount of settlement which was measured at 4 different
levels as compared to the calculated values. The
investigation of the main cross section of the dam was shown

in Fig.2.22.
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Fig.2.21 (b). Comparison of Settlement

As expected, the compressibility of the overburden has
great influence in dead weight load case. Movements toward
the upstream side occur which also extend to the downstream

side through the upper third core (Fig.2. 22 (c)).
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Particulérly in the core, this led to zones of greater
material wutilization (Fig.2.22 (b)). Another result which
deserves particular mention is that the compressible
overburden affécts the rise 1in vertical stresses in the
upstream half of the core as a result of saddling

(Fig.2.22(d)).

a. oy Isolines : b. Material Utilization Fac. Isolines
¢c. Horz. Displ. Isolines d. Vector of Deformation

Fig.2.22. Calculation results of dead weight

In summary, the following conclusions can be drawn on

the basis of the test result:

e The parametric studies on varies. of flank angle, which
were carried out, showed  that even extreme assumptions
have only minor influence on the bearing behavior in the
3D case. This stable behavior is a result of the dominant
influence of the geometrical marginal conditions such as
valley shape and type of dam, as well as the unchanged
parameters such as water pressure, unit weights and shear

resistance.
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e The'contact areas between the earth core and the valley_l
‘flanks should be as rough as pos51ble ThlS would mean,-

vthat dlsadvantageous dlsplacement along the valley flanks

could largely be av01ded and that the core would not - be‘flﬁ

1solated “din  its behav1or from these of flanklng dam'

shells.

e To 1ncrease the level of stress 1n the lower half of" the.
dam, ”the. flanks should have.'as_ concave a shape‘Tasa
:possible | | : ' -

e The compre351ble overburden affects the rise in vertlcal”
stresses and settlements in the upstream shell of the dam_;

'fw1th maximum settlement O 8 ‘m. occurred few meters above“
the overburden zone _ . |

. Wlth 1 5. of the . L/H ratlo, the 3D analys1s has performed
well to study the_ 1nfluences of valley shape and 'vary-

flanks on  the bearlng behav1our of the dam

2, 3 8 Analy5|s of Yeguas Dam :

JustoL et. al (2000)’observedtthe”settlement of:Yeguas;
dam in- France for during ‘andi after; constructiOn ?with;13D
flnlte element in FORTRAN language Yeguas'damohas a ‘height
»of 87 m and a central earth core, the main cross sectlon of;

the dam is shown In Flg 2. 23 w1th flve main zones.

'.The' mesh of the dam was d1v1d1ng by lO zones ‘of<
homogeneous materlal w1th hexahedron ‘elements, shown  In-

Fig.2.24.
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4 - Conglomeérate Tragsition
b - Blane Rookfill

(a). Cross Section Showing the 10 Zones of Homogeneous Properties
(b). Left Half Section of Symmetrical Longitudinal Section

Fig.2.24. FE Mesh

The result of calculation is shown in Fig.2.25 for end
.of constructidn. And for the reservoir filling, they used
Nobari and Duncan (1972) principles to accommbdate the
algorithm in the model, laws for the decrease of the modulus
with time have been established. The result of calculation
was shown in Fig.2.26. It is note that the observed

settlements are in good agreement with the computed one.
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2.3.9: Analysis of Tahamara Dam

_ vInoue,'et al, (2000) studled the mechanlsm of long term
settlement of rockflll dam after reserv01r fllllng w1th the
Tahamara'dam in Japan as‘a sample case. Tahamara’ dam«ls a

zoned rockflll dam- w1th a’ central earth core with helght of

116 m and a crest length of 570 m, shown in Flgure below.
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Fig.2.27. Typical Cross Section of Tahamara Dam

- The following five causes were assumed for post

construction long-term settlement of the dam:

1.

Settlement due to conéolidation during tHeA period
between completion of embankment and start of reservoir
filling. In the period between the completion and the
start of reservoir filling, no additional loads are
applied and only the dissipation of pore water pressure
developed in the core during embankment construction

continues.

Settlement due to secondary consolidation. Even after
the dissipation of pore -water pressure, long-term
secondary consolidation occurs under a constant

embankment load.

Settlement due to reservoir loading. Reservoir load
acts on the dam body after reservoir filling. They are
applied on the upstream face of the core zone. during
initial filling. '

Settlement due to infiltration during reservoir
filling. Saturation of unsaturated soil generally leads
to the loss of surface tension at contacts between soil
particles due to water entry into pores and to the

movement of soil particles due to decrease of shear
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}résisfance'betweén parfiéle contacté.
; 5. Settlemeﬁt. due 'to' substaﬁtialj'drawdown of reservoif
':level. ‘Each  time réséfvoif ~level is JOWeréd'
substéntially;; the settlemenﬁ- is “increased. 1In other’
words, Substantial dréWdowﬁ“of_réservoi: level causes
unrecoverablé ééttleﬁenﬁ in an aréa'in the core zgné
where the water‘levgl lowers. “
Of the above five causes abéve;' 1 through 3 .were <
modeled :by' numerical Aanalysis;: Foi- 4,» infiltration
settlement'of the aCtuaI dam body was.Calculated_based'on
the results of existing labo%étory_infiltration tests. For
5, quaﬁtifiéation waSuéafriéd'put from the results of cYClié
drained éhéér~testé-of cofe materials based on the meéhanism.

assumed from analysis of measured behavior.

1. Outer Shell .~ 4.FineFilter
2. Inner Shell - - . 5. Coarse Filter
3. Core _ ' : 6. Foundation.Rock

vFigﬁre 2.28. Dam'Body°Model Used for Analysis

Numericél analysié of causes 1 through'3»was made using

plane strain finite -element method. As a constitutive rule
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of embankment material, an elasto-viscoplastic model was

adopted. The model used for the analysis is shown in
Fig.2.28; at each step of construction an additional element

was incorporated. During reservoir filling, water pressure

was applied to the upstream face of the core =zone, as a

distributed load.

1180

1160

R
Orizg }é /

1100 s

1080 E£

1060 bt ol ]
0 50 100 150 200 250 300

Figure 2.29.

Distributions of differential compression and cumulative settiement due to
consolidation from completion of. embankment to start of reservoir filling
Cota (m)

1. Elevation (m) 1
2 Actual:measurement 2 Valeur mesurae.
3 Caculated'value 3 Valeur caiculse
4 — ODifierential compression 4. — Comprassion différentislie
(calculated value). {valeurcalculég)
=~ Cumuilative.seftiament = Tassement cumulé
(calculated value) (valeur calculés)
e Differential compressaion & Compression différeritiolle
(actual measurgment) (vabour mesurée)
o Gumulative sstiiement o ‘Tassgment cumuld
(actual measurement} (valour: mésuréa):
5 Differential compression / . & GCompréssion.différentiviia /
Cumuiative settlernent (mm) Tassement cumulé (mm).

Shown in Fig.2.29 are the results of calculation by
~elasto-viscoplastic coupled analysis of settlement in the

core during the period between the completion of embankment
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“and the start of reserv01r fllllng and demonstratlng falr'
"agreement to the actual measurement -

.Fig.2.~30 shows = the result of calculation - of t‘hev-. '
settlement : Vdue- ,to ; cOn‘"sb’lidatidn (and __'secondary
consolldatlon) in the perlod between the start of reserV01r

fllllng and December 1995.

1180 s

180 e

1140 o

@20 Pefd

"0 50 100-150 200 750: 300 350 400
_ A
- Figqure 2.30. :
_ Cafculatson of setllement.due’ to: secondary consohdahon from start of.reservair

o filling 10: December-1995:

‘1 Efevation (my = - 1. Cole{m)

2 Lowerlimit 2 Limite intérieire
3 Meanvalve "3 Valeur.moyenne
4 . Upperilimit. ' : 4 Limite sipéricure

8 "-»~ Differential compression 5 -a Compresszon dlfférentlelle

= Cumulative/sétilement. _ assen
Differential compression{ . . 5 Compress:on diﬁ’érenflalle 74
Cumuiative'settlement{mm) ~ - Tassermentcumuld (mm). .

o

 Fig. 231 shows a distribution of vertical displacement’
in.the core when a dis‘tributed 'lc_>'ad' e'cf_Iuivalent to such water_‘
pressure . was ap‘p‘l'i‘ed‘ on the -upétream of the .core. Since
,reserv'oii: l'.oading acts .main.ly downStteem,' dlsplacement of:
the core is predominantly in the horlzontal dlrectlon .Fig.A‘

'2.32- shows the settlement due. tq J.nflltratlon. .Inflltration.‘.
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compression concentrated at high levels in the core zone.
This was because the effect of post embankment consolidation
'is_reduced by the decrease of the density due to compaction

at this level and also with the reduction of loading.

1 1BC:

{160 It N 5 !

| Te |

1140 ¥ e . —
Cﬁnzo %

1100 2 : - : 2{’_

1080 It . Pas

]
\v/
1080 I .
Y 20 40 60 80 100

Figure. 2.31. ®

Calculation of settlement due to reservoir loading

1. Elevation (m) 1 Cote (m)
2 -« Difféerential compression’ 2 - Compression différentielie
<t~ Cumulative setflement -o- Tasseinerrt cumulé
3 Differential compression / 3 Compression différentielle /
Cumulative settlement (mm) Tassément camulé (hm)
1180

1180 //[
1140 /

1 120 pH-

1100 33

1080 v - - %

- iy ]
1060 L I :
0w 150 200

Figure. 2.32.

Calculation of setttement due to infiltration

1 Elevation:(m) 4  Cote (M) ' :

2 Differential compression 2  Compression différentielle

3  Cumulative setilement 3  Tassementcumulé =

4 Differential comprassion / 4 Compreasion différentieiis /
Cumuistive ssttlement (mm) Yassement cumuld {(mm)
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Fig. 2 33 shows the result of settlement due to change.
in'reserv01r level. They are- based only on the settlements-
,obtalned by analysis of several elements in- the surroundlng.
"area ~of :a' Crossarm. Slnce the volumetrlc straln wasv in“
hproportlonal to the: exponent vof shear ‘stress ratio, .

settlement concentrated at hlgh levels in the core.

 fin
weo i}
1140, 4

‘iﬁ@f%

1080 |

- ~1s 7.
"1 - Elévation () B ‘ : . " 6 - Minimum caléulated valie
2'~ Ccunulative drawdown in 1“ to lO phasps © 7 7 - Maximum calculated value
3 - Actual measurement o 8 - Incremental dlff cpn_mressi.or
4 - ‘Range -of calculated value ' i
5 - Incremental cqmpressmn due tio: resgrvoir level drawdown.

Figure 2.33. Results of calculation of settlements due
B to change in reservoir filling '

' .Fig 2. 34 compares a comblned total of differential"
settlement obtalned. for dlfferent causes from 1 to 5 andg
actual measurement _ As :'af-f_result: of calculatlonyd
differential compression jwas.Vlargest at top, medium and
bottom levels in the core;i agreeing to the [aCtual‘

measurement.
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{

1 - Elevaticn {m)

« — Froem Oc¢t,1981 to Dec,1995
3 - Measuremznt

4 - Calculation

Mean value
- Upper limif
Lower limit
Differential compression {mm)

{

W ~d ™ n

Figure 2.34. Comparison between calculated and measured
differential settlements

Fig. 2.35 provides a comparison between the measured
settlement and analytical cumulative settlement, the
" combined total of diffefential settlement. The curve of
distribution of cumulative settlement has several inflection
points. It was suggested that the mechanism of long term
settlement after the start of reservoir filling"is not
simple and that settlement is a product of complex
combination of factors including material properties,
construction condition and post construction loading

condition.
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Figure. 2.35. Comparls A b een galculatéd and measured cumulative

settlement - ' ‘

1~ Elévati
~ From O A'.QSI to, Decy 1995 3] -
- Lower limit 8, - "Cunitative is“é,ttl‘er:i'eht:' 8 scrdal nhsurenent
~ Measurement. - - 0 -caleulated value
- Mean valueg: & 4 Camulativel snttlemunt $10ub)

4R A G N

.

Fig;2.36 shows »percéntages of.'cauéeé »of' crest ~1evel:
settlement. For the Tahamara.dam; the Eauses'are~rankednin-
“the descending order from dissipatibﬁ of.pore water pressuree<
“to 'secdﬁdary conSolidation,' -ihfiltratibn 'settlement;

drawdown of reservoir 1evél;and'reservoir filling loading.

- |=1 w2 B3 a4 -5]

meezse Percentage of causes of crest level settlement
Consolidation settlement ' .
— Reservolir Loading

Secondary consolidation

- Drawdown of reservoir level

— Infiltration settlerent

.QrﬁxgurH
1
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2.4. REVIEW OF CASE STUDIES FOR INFLUENCE OF CORE POSITION |

Clough et al. (1958) performed dynamic test on scale
models (1:150) of central and inclined core dams and found
that the central core dam, vertical «core breaks the
continuity between upstream and downstream segments of the
rockfill dams and constitute a zone of weakness. Whereas,
~the entire structure of sloping core dams acts as a single
unit. Also, because of its greater rigidity, sloping core
dams showed less settlement that accompanied - the shearing

distortion.

Sherad et al. (1963) expressed-that they did not have
any clear evidence and opinion to indicate that sloping core
were preferable over the vertical core owing to the less
weakness to cracking. However, they Dbelieved that the
sloping cores could be safer than vertical cores under the
earthquake shocks because of the larger body of stable rock

exists downstream of the core.

Arya et al. (1978) tested models of central and
inclined core dam sections (scale ratio 1:150) to compare
their relative performance under reservoir full and empty
conditions. Model test demonstrated that slumping of the
crest was large in case of the inclined core, though the
tendency of the separation of the shell from the core was

more 1in case of central core dams.

According to Krishna (1962), a dam with vertical core
vibrates transversely, there is a tendency of masses i.e.,
upstream shell, core and downstream shell to vibrate out of
‘phase, because of different elastic properties. The three
masses possibly tend to separate out resulting in cracks
along the Junction. This separation could encourage the

slipping to occur on either of two slopes. The sloping core
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by advantage of one'mass.resting on the other prevents the
tendency of the 'separation.=‘Therefore, sloping -core was__f

Suggested as the better optlon under the dynamlc loadlng

>.Sa1nlvet al. (1968) studled_statlc as well as dynamic'
behaviour of three- dams; Ahomogeneousd.dam,. dam with ‘the
céntral core, dam with Sloping~core; wfth the help of Finite
Element - 'Method approach con51der1ng the linear elastic

propertles of the SOll “and concluded that

. a The effect of. core was to decrease the natural frequency‘

of v1bratlon as compared to homogeneous dams. The effect

- of the 1ncllnatlon of the core over the central core was:.

to 1ncrease the stlffness 1n_certa1n_modes,of v1bratlonl
but decrease inpcertainlother'modes.

b. THe effect of core- was to. increase- the static stresses.

The sloping core gave rise to an.increase in stresses over.

" central core .and tensile stresses were developed in a

smalluregion near the top.

c. The - dynamlc stresses for a dam w1th 1mperv1ous ‘core . were
generally lower than those’ for homogeneous dams with
increased:stresses»near-the top portion' For . slopping core.j

hdynamlc stresses were generally hlgher than those for a
central portlon. Thus[ for slopplng core dams the total‘
stress dlstrlbutlon was less favourable g1v1ng rise to'w

hlgh tensilé stresses near the top ‘region of the dam.

d.Due to the presence oftthe.core; horlzontal displacements.
" were decreased,‘and-vertical‘diSplacements'were increased.

The sloplng core resulted in 1ncrease of ‘the Vertlcal:

displacements than those for central core dams, though thed

effects of horlzontal,dlsplacements were small.
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Nayak et al. (1978) analyzed a 260 m. high rockfill dam
with vertical and inclined core under two dimensional plane
strain condition with linear, mix graded linear and
parabolic isoparametric elements. They incorporated
sequential construction and non-linear material properties.

‘From the study, it evolved that:

a. Linear elements would be used for rockfill potion and
parabolic elements for the core and transitions, where

higher accuracy was required due to stress transfer.

"b. In case of inclined core, vertical stress concentration in
downstream transition was greater than that of vertical
core. Also, higher vertical stresses were observed in

downstream shell in case of inclined core.

Based on the review above, some conclusions could be resumed

into several points below:

1. The separation of the shell from the core is more in case

of central core dams.

. 2. Sloping core is suggested as the better option under the

dynamic loading.

3. The sloping core gives rise to an increase in stresses
over central core and tensile stresses developed in a

small region near the top.

4, In case of inclined core, vertical stress in downstream
transition and downstream shell are greater than that of

vertical core.

5. The sloping core results in increase of fhe vertical
displacements than those for central core dams, though the

effects of horizontal displacements are small.
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- 2.5, REVIEW OF CASE STUDIES FOR 3-DIMENTIONAL FEM

Elsensteln : and.' Slmmons' '(1975) 1nvest1gated '.the
'constructlon settlements and stresses of Mlca dam w1th L/H,
. ratlo 3 26 in Brltlsh Columbla, Canada by three dlmen81onall-

flnlte element analyses Ih 3 D: and 2-D plane 'straln

stresses for the maln transverse sectlon in the zoned dam'

were very similar 1nd1cat1ng that ‘cross valley archlng dld'
not play an -important role 1n,theHstress’transfer. In order’
to separate the ‘effects of non*homogeneity of the =zoned
profile»and’éf‘the archiné across the'narrow valley,ya 3—D
analysiS‘jof an equlvalent homogeneous embankment was'
"performed. Comparlson of 3-D and 2-D! analy51s 1nd1cated thatf
leven-wrth atstructure,so markedly 3-D as Mica dam the maln

transverse section can be studied. using the plane stralnf

model w1thout a- 51gn1f1cant loss of accuracy Thus 1ncreased"

detall and the complex1ty of stress straln response that can'f

be 1ncorporated into- 2AD _analyses appear to be more

rewarding than effortsjspent on 3—D'mcdeling.

| . Marsal and'Moreno‘(1979)'reportedfof the streSS—strain
computation . with finite element method- at Chicoasen dam, .
Mexico that'these studies suggested 3-D analyses,rtd takeU
into acconnt the " influence -of ‘thec canyonf walls" and the
"acceptable “alluvial jmaterials left in. the river, on‘:the”'
'.distrihution.of thevstresseszinside'the,embankment,

'Singh, Gupta -and Saini- (1985) have presented. a 3-D

finite "element analy51s of the Tehrl dam with 2.2 L/H rath'@

and sald that to predlct -cracklng,r'a 3-D analy31s is
necessary as crack can not be predlcted by 2 D analysis and'
to- study ‘the .lndlcatlon of the- occurrence of hydraullc;
fracturing in the -dam;_'Such._potential 'usually‘ is highest
near abutments-where a 2-D analysls can shed nollight“atl

all.
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Schober and Hupfauf (1991) have studied, using 3D FEN,
the behaviour of embankment dams in narrow valley with
Dabaklamm dam in Austria. They concluded that the 3D
analysis with 1.5 of the L/H ratio has performed well to
study the influences of valley shape and vary flanks on the

bearing behaviour of the dam.

Based on the review above, some conclusions could be

resumed into several points below:

1.2D analysis provides an accurate representation of
condition in centrally located transverse sections of long

dams of uniform cross sections and large L/H ratio (>2).

2. In 3-D analysis of dams with small value of L/H ratio, the
effect of inclined core, cross valley stress transfer as
restraining effects of the canyon walls, and the effect of
material properties on the dam situated in narrow valley

could take into account to evaluate the dam’s behaviour.

2.6. REVIEW OF CASE STUDIES FOR POST-CONSTRUCTION LONG TERM
DEFORMATION '

Inoue, et.al, (2000) studied the mechanism of long term
_settlement of rockfill dam after reservoir filling with the
Tahamara dam in Japan as a sample case. The following five
causes were assumed for post construction long-term

settlement of the dam:

1. Settlement due to consolidation during the period
between completion of embankment and start of reservoir
filling. In the period between the completion and the
start of reservoir filling, no additional 1loads are
applied and only the dissipation of pore water pressure

developed in the core during embankment construction
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.continues.

2. Settlement due to secondary consolidation | Eyen.vafter-
the_'diSSipation gof: pore _water ~pressure, flong—termc
_secondary consolidation ‘occurs-_-under _ ai conStant-v'
embankment load. | . - | o |

30 'Settlement due to reserVOir loading. ‘Reservoir load actsfl
on the dam body after’ reserVOir filling " They are’
applied on the upstream face of the core zone during

"lnltlal filling.

4 . 'Settlement due to infiltration during reservoir filling
| Saturation of unsaturated SOil generally ‘leads to the
loss.yoff surface tenSion at=_contacts' between soil
' particles due to  water :entry' into pores: ,and to thec
vmovement of SOil' narticles due to decrease of shearV:'

reSistance between particle contacts
5. Settlement due'-to substantial drawdown of reservoir
4level.} Each = time  réservoir y,level. is lowered

substantially, tne' settlement 'is ‘increased.. In other

words, substantial drawdown of ‘reservoir level ‘causes

funrecoverable settlement -in*<an ,area in the core zone
where. the water?level-lowers; -
Of'the,abOVe five -causes above{“l»through-3_could be

modeled .by' numeriCal _ analysis - For = 4, infiltrationV

.settlement of the actual dam body is: calculated based on the.

' results of eXisting' laboratory infiltration tests For' 55‘

' quantification is carried out from the‘ results of cyclic_:

idrained shear tests of core‘materials based on'thermechanism:-

assumed from analySis offmeasured.behayior, ‘ .
.Infiltration COmpression concentrated at high leVels:in

the core .zone. This was because the effect of post

embankment consolidation ‘is reduced by the decrease of the-
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density due to compaction at this level and also with the

reduction of loading.

At Chicoasen dam, Mexico, Moreno and Albero (1982)
analyzed the magnitude of displacements and stresses induced
in the structure based upon the observations recorded during
construction and the first filling. Stress paths obtained
from the pressure cells suggested that the presence of a
plastified zone in the central part of the core and of the
filters and transitions, and also confirmed by the data from
the inclinometers and cross arms. At the first of feservoir
filling, the instruments showed the preonounced settlements
in the zone of the upstream rockfill, transition and filter
between E1.270 and 320 (upper Dboundary of zone of
plastification). This marked increase in settlements is due
" to the plastification of the materials in the zone indicated
which. A deformation of horizontal extension in a direction
parallel tQ the river causes a reduction in the horizontal
confining stress, to a degreé that the material plastifies.
Just as occurred in the Infiernillo dam, a notable increment
in settlements along the upper boundary of the zone of
plastification is to be expected in the long term after the
first filling, as is the extension of this zone towards the

upstream shell.

Dibiago et.al (1982) studied the post-construction &
reservoir filling performance of Svartevann Dam, Norwegia.
Tt is an earth-rockfill dam with maximum height of 127 m,
crest length of 400 m and total volume of 4.7 hm>. Several

considerable remarks related with the dam performance as

follows:

e The magnitude of construction pore pressures was found to
be acceptable as they were so small they had no

significant effect on the overall stability of the dam,
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Howeﬁer,: the pore' pressure vwas7 rising usignificantl§-:
accordlné to the ra151ng of the reserv01r water level. For.
each' cycle of reserv01r. fllllng-<the pore pressure arel
somewhat smaller .particular-ly ‘in downstream- shell of the
dam. | ' | a A ' ' |
o"The calculated ‘and- measured - Seepage valuesj agree: well
‘showing the fluctuation patterns- of both».values .wereL4
similar for first cycle and'appeared differ for subsequent

rcycles;

. Observed downstream shell surface settlements showed that‘

rate of the 1ncrement of the settlements was decreased"

after construction perlod-and:attended to be stable_durlng<
réeservoir cycling. It was notable~ that the. settlements.
, developed very 'large_»(more than_-l%-‘of theA dam height).l
Similar type of the observed’internal displacement'results-
also showed by the 1nstruments 1nstalled 1n51de the d/s'
shell. It was belleved that process of creep affected sucha

settlement 1ncrements

.Sherard in “Earth~and}Eartthock Dams” l963, resumed a
notheable;point regarding“the.post;construction ‘movements -
of embankment dam ' that Fin: shell:frock zone/“-the post
cOnstruction _ settlements ﬂiyresults © from a ‘gradual '
readjustments of the rock structure, and it occurs when the
rock crush at the p01nt of. contact or 'slip with respect to’
each other, throwing thelr ‘loads to ,adjacent rocks and‘
points of contact | ‘
| Based on the'review above,‘some_conclusionsvCOuld'be-v
"resumed into several points below: . | :
1. The follow1ng causes‘were assumed for post constructlon

long term ‘settlement_ of the . dam,_ 1) secondaryh‘

consolidation Caused-fbyi_dissipation of pore water
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pressure, 2) reservoir loading acts on the dam body
after reservolr filling, 3) infiltration during
reservoir filling, 4) substantial drawdown of reservoir
level, 5) process of creep, and 6) gradual

readjustments of the rock structure.

2. The presence of a plastified zone in a part of the core
and of the filters and transitions potentially initiate

the large deformations of the dam.

2.7. REVIEW OF CASE STUDIES FOR DEFORMATION DUE TO
RESERVOIR FILLING -

Measurements made in many embankments dams have shown
that large settlements, horizontal movements, and cracking
are frequently caused by the reservoir filling. This 1is
known that during reservoir filling, the presence of water
create 1) water load on the core and foundation,» 2)

softening and weakening of the shell material on wetting,

and 3) buoyant uplift forces in the upstream shell.

Stresses at wetted portion of dam shell are
significantly changes due to buoyancy and presence water
load. Meanwhile, softening of shell materials due to wetting
cause strength loss and compression at shell material and
finally followed by additional settlements for the upstream
shell of +the dam body. These behaviors are known as
secondary compression and consolidations, which tend to
increase vertical | settlements and decrease horizontal
movements. Approximately, the stress-strain parameters
"reduced 10-20% due to softening, and can be obtained from
tri-axial test for dry and wet specimens (Nobari and Duncan,

1971, and Dibiagio e 1982*&
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<Regarding to the effects of reservoir filling mentiOned
above,.thedsequences;of the'deformation.behavrors-arevfoundf'
as follows: .,“ | » | A | | |
- 1. _Deformation due to softening and weakening of the shell
| ~material .on’ ‘wetting_ f occurred during the 1n1t1al
_ stages of reservoir: filling,_ causes upstream and.
downward movements. ‘ o : |
2. The water - load on «the‘ upstream foundation causes
upstream and downward movements o
3. The buoyant uplift forces in the upstream shell cause -
'upward movements within this zone.
4. The Awater load'i ,-the::core‘ causes downstream and -
.'downward movements | | B o
The, movements .are Ain'ihther downstream . direction
throughout most of . the dam, Wlth exception of the toe of- the
upstream. slope Wlthln the upstrean1 shell the settlements'
are dominated by .compression of. shell material due. to’
vwetting and the tendency 'for. expansion of shell as the
_effective stresses are 'reduced by"-submergence.v These two‘
counteracting effectsiresult in settlement, which is largest
near. midheight’of the dam- The downward, movement.of materialf

hw1th1n most of the upstream shell results in a displacement

of material in the upstream direction and a small amount of

heave near the upstream toe.

‘Singh, Gupta _and. Saini'_(lQBSjifhave presented a"3—5
finite 'element analysis of the Tehri dam under different‘
loading cOndition,_ tiz. end of. construction stage and
.reserv01r full conditlon stage ‘Itjisfobserved that atvthe
vertical normal compreSSlve stresses'~got reduced’ in most.
'part of upstream shell and 1ncreased in. downstream shell for
reservoir full condition. - The hori;ontal stresses at end of.

'constructiOn get reduced 'alloverv the "section with';the‘

Chapterz'."ReviewofLiterature o o N . -51-



filling of reservoir. The cross-valley horizontal stresses
in the reservoir filling condition are reduced in the

upstream shell but in the core the stresses are increased.

Yasaﬁuka, Tanaka and Nakano (1985) examined behaviour
of Fukuda Earthfill Dam during its construction and first
reservoir filling and concluded that the movements of the
dam itself due to impounding showed a tendency to lean to
upstream side until the reservoir level reached about 80% of
the full water and the to move toward downstream as the

. reservoir level approached the full water level.

Sherard in “Earth and Earth-Rock Dams”, 1963, resumed
that during reservoir filling, the crest of the dams with
sloping upstream cores and large downstream zoned of dumped
quarried rock have moved downstream an amount commonly
between of 50~75% of the vertical settlements bf the crest.
For these there is no measurable rebound of the crest when

the reservoir is lowered.

Based on the review above, the following conclusions

could be drawn:

1. The movements observed during reservoir filling were .
first in upstream direction and later in downstream

direction.

2. The vertical normal compressive stresses got reduced in
most part of upstream shell and increased in downstream

shell for reservoir full condition.

3. The horizontal stresses at end of construction get
reduced allover the section with the filling of

reservoir.

4. Approximately, the stress-strain parameters reduced 10-

20% due to softening.
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2.8, REVIEW OF CASE STUDIES FOR HYDRAULIC FRACTURING

Hydraullc fracturlng or the formatlon of hydraullcally,'

olnduced cracks in the core can occur when the water pressure”'
‘.at a glven depth (03) exceed the total stress at' the same“f
depth (Kulhawy et al 1976) - If the crack is horlzontal~
the water pressure would have to exceed the major vertlcal-
stress, oy . However, it. 1s also poss1ble that the crack
would 1n1t1ate cracks in the vertlcal _plane, in which case‘
the water pressure would have to- exceed the mlnor principal’
.stress or op, the stress in the ‘core ‘which is parallel .to
the face of the core. Earller studles 1nd1cate ‘that the‘
major principal stress .in" the 'core is parallelA to the
upstream face of the core and therefore to op Further it is;A:
hconfrrmed also that the values:of'the 0l, op and oy dlffer
by no.morthhan about 5%, So.any_of theses values can be .
used‘regardlesS-of-the'precise mode of crack'initiatiOn. |
The hydraullc fracturlng nwuld be most crltlcal when
the. reserv01r rose ‘to maximum . pool level quickly and the_
core did not have suff1c1ent tlme-to consolldate So, in the.
present study the. total stresses’ ~at the end of constructlon
'are compared to the' hydraulrc water pressure, whrch would,

occur under full reservorr condltlon
Schober and Hupfauf .(1991) have;'studied about théL :
cbehav1our~of embankment dams in-narrow Valley with Dabaklamm

dam In Austrla where concluded that, to. 1ncrease the level

of vertlcal stress in the lower half of ‘the dam in'. objectlve;'

to. av01d hydraullc .fracturlng,. theA‘flanks should,uhave- as

concave,a shape‘aS‘possible; A '
Differential settlement alonglthe axis of the dam may lead

to transverse cracking, which could allow passage of water.’

DifferentialAsettlementsbetween the core an the shelllcan
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lead to stress reduction in the core and may results lower
material pressure than the hydraulic water pressure, hence

hydraulic fracture could be created.

Inoue, et.al, (2000) studied about core fracturing due
to saturation condition with Tahamara Dam. The saturation of
unsaturated soil generally leads to the loss of surface
tension at contact between soil particles due to water entry
into cores. The stiffer filter zones " have resulted in
significant interaction effects to distribute the stresses

thus eliminate the zones of potential fracturing.

Based on the review above, some conclusions could be

resumed into several points below:

1. Hydraulic fracturing can occur when the water pressure
at a given depth (o3) exceed the total stress at the

same depth.

2. If the crack is horizontal, the water pressure would

have to exceed the major vertical stress.

3. If the initiated ¢rack is the vertical plane, the water
pressure would have to exceed the minor principal
stress or the stress in the core which is parallel to

the face of the core.

2.9. REVIEW OF CASE STUDIES FOR LOAD TRANSFER

Thev possible development of cracks in the cores of
zoned dams is one of the major problems confronting the dam
designer. Numbers of field observations and studies have
indicated that differential settlement léadihg to 1load
transfer between the adjacent zones 1is the main causes of

cracking. The phenomenon of load transfer (Kulhawy et al.,
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1976) occurs'in zoned,dams becausepof_the stiffnessesaof the-
adjacent -zones. | - : |
In the constructlon of the zoned dam w1th a soft core.
(low znodulus) and a Stlff shell (hlgh. modulus), the coreﬂ
will settle with = the respect to ;the  shell . and,‘ if ‘no.
eSeparatlon'occurs along the zone boundaries; the core'willu"
htend to “hang” on the shell‘ The placements of successrve
layers of fill. accentuates thls process of the core settllngp
more than the shell and “hanglng” on the shell ‘Wlth the.
results that the stresses in the core are less than would be'q
expected before from gravity alone. -
For equilibrium on,a.horiZOntal plane, the reduction in’
core stresses mustAlead_to the increaSe in the - stresses of
-adjacent shell Therefore;'lf the core 1s softer than the:
shell, load transfer occurs from core. “to shell leadlng tof
phydraullc fracturlng-or formation of cracks by hlgh_waterf.
/presSure' If the core is stlffer than . the shell _then'the
load transfer may take place from shell to core, whichfmay‘_
cause local.over stresses in the core.-*' - |
This load transfer can hefeValuated by comparing.the
computed valuées of the major'principle-stress in_the'core:
and'the corevoverburden pressure7at“any given depth below
the crest; The ratio less than one indicates load transfer
from coren’to 'shell; while the ratio greater than 1.0
indicate load'transfer.from the shell'on-the core.. , o
'Eisenstein and“ Simmonsi (1975l' inVestigated : theh :
lconstruction_settlements and stresses of-Mica'dam in,Brltish
.'Columbia,'~it is concluded that for the ~homogeneousl dam, : °
there is 4a stress transfer ©of about - 30% 'from'.the. core
portlon to the shell portlon, whlle for the zoned dam - the
stress transfer is of the order of about 70% neaxr the base

At hlgher elevations where the geometrlc effects would be‘
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minimal, the stress transfer was constant at about 10% and

40% respectively for the homogeneous and zoned embankment.

Adikari, Donald and Parkin (1982) had studied about
Dartmouth dam. The prediction of construction pore pressure
"in core has taken into account the difference in laboratory
pore pressure response of material placed (between elev.
+400 and +430) from that of the.rest_of-the core material.
Negative pore pressure were recorded at that location since
November 1977 until positive reading were obtained in March
1979, and have remained positive but only a few meters head.
The behaviour of the material at this location indicates
that the load transfer could have been a significant

contributory cause for negative pressures.

Based on the review above, some conclusions could be

. resumed into several points below:

1. If the core is softer than the shell, load transfer
occurs from core to shell leading to . hydraulic
fracturing or formation of <cracks by high water

pressure.

2. If the core is stiffer than the shell, then the load
transfer may take place from shell to core, which may

cause local over stresses in the core.

'210. REVIEW OF CASE STUDIES FOR COMPARISON BETWEEN
' CALCULATED AND OBSERVED BEHAVIOUR OF EMBANKMENT DAM

Eisenstein, Krishnayya and Morgenstern (1972) analyzed
the history of cracking sequence at Duncan dam in Canada.
Whilg the predigted and observed settlements agreed in their
magnitudes the observed distribution pattern differed from
the predicted one. The maximum settlement that was expected

below the middle of the dam finally appeared to be close to
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then:left labutment.f-Thisi'non uniformity exaggerated 'thel-
differential movements and"as a result transverse cracks
appeared in an area located at: the upstream Side of the. dam"

close to the left abutment

Adikari, Donald and-.Parkinf (Dartmouth.vdam, 1982) ‘had.-
‘found that agreements'tof. the'”result> of predicted and
‘measured:values~of displacement are.generally SatiSfactoryn
The highest stress occurs in'the'filter zone'but"the.core
‘stresses - are. lower, the maximum “being.“about7 50% ~Of: the -
Jmaximum,stress in the:filter'éone.fThe'Stiffer filter zones
'haVe- resultedA in isiénificant'Ainteraction ’effects‘~and: a
reduction ‘in AvertiCall'streSSes ,in‘:the- core’ at all’
elevations‘ Some difference betueen‘measured and predicted-{
behaViour would appear to be unaVOidable Possible sources
of error may be found in the apprOXimations in forming the
_constitutive law, - the‘ use -of tri- aXial data in a plane
strain problem and in the inadequate representation of real
variations. in material properties, ‘including anisotropy dueV

to rolling and variations ‘in placement mOisture content

Botta et.al (1985) haVe studied about Alicura earthfill
dam, Arqentina. The] main' topicA of ° the study -is .the
discussionl of - the.duse -off'instrument data from the:
construction period -in order . to calibrate the nmdels, andlg
from the impounding period as' to .compare measured and
calculated . responses in the dam. Numerical model of the dam4
and its ,foundation_ were developed in order to analyze;
stress—strainvrelationships. Measured data were used to test
‘the model and ‘revise material parameters, which used forl
predicting.the dam behaviour‘during'the impounding as part
dof the parametric study 194 four Sided With two-— dimenSional*<
“model was developed representing the highest dam section and

the'bedrock was introduced_as a rigid base in the model. The
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stresses and deformations were computed for different
reservoir level by introducing submerged density value in
the upstream shell to .the corresponding levels. The seepage
force in the core is applied instead of the water load on

core.

The measured settlements showed that the rates of
settlements are dependant upon the rate of construction
'progress and elevation, always increasing and reducing
slightly during impounding period. The measured (dotted) and
calculated (lined) settlements in the core and downstream
shell are plotted versus elevation in figure 2.37 below.
These set of curve were used to calibrate the model and it
can be seen for théi core that a very good correlation
between measured and calculated could be achieved

(fig.2.37.A).
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Fig.2.37. Measured and calculated settlements
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It was 1mp0531ble to obtaln as good correlatlon as for
,hthe core at downstream portlon (flg 2 37 B), because of the%
teffects produced by the nearness to the core trench slope in
the natural alluv1um and the 1ncllnometer top in the mlddlei;
of thevdownstream shell elope -On the other hand the shell.
construction 'sequences ‘were hnot reproduced in the model'w
properly Thought the shell and the . foundatlon ‘can be4
con31dered equally dense, the aglng effect inherent to the-
.foundatlon material can be expected to render this material
somewhat - less deformable than the recently compacted shell:
£i11. | o | o o
In Fig.2.38.A the.iSObars:forathe-calculated.effectiueﬁt'
jstreSSesfhin this case equal to the total atreSSes; at‘the
end of. the constructlon ‘are drawn. 'For the calculated oneaf-

due to reservoir fllllng are 1nd1cated in Fig. 2 38. B

Eig.2ﬁ38;'Computed_distributed vertical etreSSes'(MPa)~“
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It is not'possible to confirm the degree of the load
transfer in the prototype as unfortunately no total pressure
cells were installed outside the core. The total pressures
registered during construction and impounding in the center
of the core at different levels are plotted versus time in
figure 2.39. Curves B & C are calculated stresses for CEl
and CE7 respectively. Curve A illustrates the construction

of the core and the curve D for the impounding period.
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Fig.2.39. Measured and calculated core vertical stresses

It can be seen that the reading of pressure cell CEl
correlate very well with the calculated one. Otherwise, the
" readings of CE7 show only 60% of the calculated values. This

effect is attributed to a certain arching in the core, which
has been possible to account in the model. The sudden
pressures drops registered in all cells but CEl. These
-pressure drops coincided in time With the free water surface

reaching each cell. The response of cell CEl is completely
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different“as this cell .was the 'only” cell 1located in a
‘saturated part of _the’ corel already before .the start 'of
.impounding"Total pressure cells located in the other two
1nstrumented sectlon all presented pressure drops as they.
ywere located in unsaturated materlal. These 'sudden’ pressuref
_drops are'due to a loCal material:collapse'around the Cell-'
-when the hand tamped materlals around the cell become fully;
saturated It is very probable ‘that the fine- gralned soils"

were placed too dry to fac1lltate the compactlon. After the

local collapse, the surroundlng core materlal needs some‘

time to settle and overcome. a local archlng as to newly load

cell-with-the pressure-typical'for the position.

The calculated deformatlons for the reservoir at El 695
are 1ndlcated at Fig. 2 40.A. and the: measured ones ared

31ndlcated at Fig.Z2. 40 B below.

-~ Fig.2.40. Deformationidue to reéervoir water.level:
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The main difference between the model and prototype
behaviour is the direction of the displacements. Part of the
explanation for these differences in horizontal
.displacements may be that the seepage forces in the given
situation were acting more inside the core in the lower than
in the upper portion where the free water line was less

advanced.

Hosseini and Tarkeshdooz (2000) studied the
deformations of Karkheh Embankment Dam, Iran. The dam
construction has beén simulated by application>of 14 layers
and impounding has been derived into 7 stages. The material
parameters are taken from parabolic Duncan & Chang and
hyperbolic approximation of the stress-strain curves of tri-
"axial test. The total and effective stresses, displacements
and the pore pressure build up in the différent stages and
directions were estimated. The deformations of the dam based
on the analytical approaches and field measurements (at 50%
of its construction process) are compared which concluded
that the actual behaviour of the dam is more satisfactory
than the predicted ones. Then from. the compared results,
some conclusions are derived in connection with the
verification of the design assumptions, and also the
successful remedial measure (using mixed material instead of
~pure clay core) to limit the settlement (from 3-4% to bel
1%) and pore pressure during construction. It' may .
concluded that;‘the design remedial measure adopted '
mixed material; 60% clay and 40% sand and gravs
appropriate and fulfilled the objectives. And
design assumption is verified and the dam wiii ¥

~

behave in the satisfactory range. '_):'

Dibiago et.al (1982) studied the post-

reservoir filling performance of Svartevar
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It is an earth rOCkflll dam w1th maxrmum helght of 127 m,.

crest length of 400 ‘m . and. total _volume rof’ 4.7 "~ hin ;'.
Comparlson' 'of the 5'measured ,and -Calculated internal'
deformatlonS' showed that ’the ‘magnltude of ‘computed - to.
measured . values wasp qulte dlfferent for  the two  type
.dlsplacements. Max1mum measured settlements occurred at mldf

height of the dam when the calculated showed under estlmated‘

7results, -meanwhile maximum Ineasured. horlzontal deformatlonu_

-occurred at 2/3 helght of the dam when the’ calculated showed
over-estimated results. It was‘ ‘believed ‘that process of

creep -very well'.might explaln the’ analytlcal underfi‘

predlctlon. experlenced. for the settlements, which - was“not_;

1ncluded in the analy31s model From the time hlstorles for;'
1nternal settlements observatlonr,lt_was showed that creep
effects performed 1part1cularlygpduring the construction’
period. . ‘ ' | A
Yasanuka, Tanaka and Nakano- (1985) examlned behav1our'
_of Fukuda. Earthfill Danl durlng' 1ts constructlon. and. flrstVI
hreserVOLr-fllllng Non—llnear bUllt up analyses based on-the.
'constructlons stage - were performed and the calculated values
are - checked with . the. observed values. The_ conclu51on:'
obtained- from thel obsertatlons fand: the' analyses-,are
summarized as follost - o | |
o;It was proved by the observatlons .that the foundatlon

-of the dam settled due to welght of the embankment and

abutment moved toward downstream due to lmpoundlng

e The -movements of _the dam.;itself due: to 'impoundlng'

showed a~tendency to lean to-upstream side until the "

.reserv01r level reached about 80° of ‘the full water and“

the to move toward downstremn as  the reserv01r level?‘

"approached the full water level
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e The pore pressure in the dam responded sensitively to
the variation of the reservoir water level without time

lag.

e The largest settlement is at the central portion of the
dam, and has been found that = the non-linear FEM
analysis of the dam,‘in which the parameters obtained
by the tri-axial CD test are used, is effective to make
prediction on the magnitude of final settlements

expected..

e It is important to add “the engineering judgments
backed up by analysis” to the results of combined
observation, resulting in further contribution to

maintain the safety of a dam.

Based on the review, it can be concluded that some
‘unavoidable difference between observed and predicted

behavioﬁr would appear probably caused by:

1. Possible sources of error may be found in the

approximations in forming the constitutive law

2. The use of tri-axial data in a plane strain probléem
and 1in the 1inadequate Trepresentation of real

variations in material properties.

3. The construction sequences were not reproduced in the

model properly.

4. Process of creep very well might explain the
analytical under-prediction experienced for the
settlements, which was not included in the analysis

model.
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S 211. SUMMARYOFTHELHERATUREREVE“E

The follow1ng summary can be drawn from the rev1ew of

major dams analys1s descrlbed above

1. For problenl 1nvolv1ng Complex lnaterlal propertles and‘;f
.boundary condltlons, the englneer resorts to. numerlcal‘
.fmethods ~ that prov1de -approx1mate, but acceptable,'
solutions. Finite element method was one of the best.

tools 1n this area whlch is the approach shares many of-
features common to the prev1ous numerlcal approx1matlonsl
and’ it possess certaln ‘ characterlstlc>> that take

advantage of the’ spe01al faCllltleS offered by the - hlgh:

speed computers

'251The llteratures'show that flnlte element method could'

be used. to evaluate f.the effect off 1ncremental._l'

constructlon as compared w1th srngle step loadlng on,‘lf

'-the stresses and deformatlons developed in embankments

| Seven stages of constructlon> could be suff1c1entA to’
analyze ’the Aincremental embankment construction.  The
horlzontal dlsplacement were seen to be quit 51mllar 1n:

both  cases but the vertlcal dlsplacement in s1ngle llft'

was seen to be largest atithe top_whlle in seven llftsL‘“

was sSeen at the mid'heightiof the dam.

?3,‘NOn—linear hyperboliC' stress straln model by Kondner'
and developed later by Kulhawy, Duncan and Chang was
w1dely used to be a constltutlve model in analy21ng the~”

. 'stresses - and deformatlons in -dams .This model was_

'adopted in some major. dam analyses such as Orov1lle,
El-Infiernillo, Allcuray' Svartevann and Karkheh Dam,'
etc. R '

v4l The llteratures- shows ‘that theT maximum settlement'

‘occurred in major dams have range values between 0. 2%
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up to 3.4% of the dam height. Below 1% is mostly
recorded and 1.01% is the mean percentage. It mostly

occurred in the core zone of the dam.

5. The movements observed during reservoir Ifilling were
first in upstream direction and later in downstream
direction. These complex movements may be understood as
the combined effect of two counteracting effects of
.reservoir filling; (1) . the water loads on the dam and
(2) the softening and weakening of the fill material

‘due to wetting.

6. 2-D anélysis provides an accurate representation of
condition in centrally located transverse sections of
long dams of uniform cross sections. In case of major
dams with large L/H ratio (Mica dam, 3.26 rafio and
Tehri dam, 2.2 ratio), restraining effects of the
canyon walls did not play important roles in the stress

transfer.

7. 2-D analysis may not provide a suitable representation
of the transverse section for dam in steep valleys
(small L/H ratio), because of cross valley stress
transfer as restraining effects of the canyon walls.
Thus, 3D analysis could be needed to evaluate stresses

and deformation in steep wvalley. ~

8. In 3-D analysis of dams with small value of L/H ratio
(Dabaklamm Dam, L/H = 1.5), the effect of inclined
core, the arching of the dam and the effect of material
properties on the dam situated in narrow valley could

take into account to evaluate the dam’s behaviour.

9. 200-250 numbers of 4-nodded elements were widely
adopted in discretization of 2-D analysis. And at least

350 numbers of 8-nodded bricks elements were adopted in
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10.

3—D-analysis{

The~ follow1ng causes were assumed for post constructlons

" long term settlement 'of'*'the damJ- 'i) ' secondary :

consolldatlon caused by dlSSlpatlon -ofi porev,water“

-fpressure, 2) reserV01r loadlng ‘acts on the. dam body

v'after reserv01r fllllng,, 3) 1nfrltration "durincp

reserv01r fllllng, 4) substantlal drawdown of reserv01r:

'level,' '5) Process‘QIOf_i creep,_ and - 6) gradual~“

‘freadjustments of the rock structure, ‘and it oCCurS'when‘

11.

12

- the rock crush at the p01nt of. contact or sllp ‘dlthA

frespect to’ each other

The presence of a plastlfled zone in the part of. the'

core' 'and of the filters and transitions: potentlally‘

_1n1t1ate the 1arge deformatlons of the dam

. The vertical normal compreSsive stresses got reduced in

A‘most part of upstream shell and. 1ncreased in downstreamyf

© 13,

shell for reservoir full condltlon

The" horizontal Stresses7 at-Tend 1of constructlon get"

‘vreduced-"allover,‘the' section "with the fllllng 'of'

14

15

reserv01r

.Approx1mately, the stress straln parameters reduced 10-

20°fdue to softenlng, and can be obtalned from tr11

axial test for dry and wet spec1mens

.Hydraullc fracturlng or the formatlon of hydraullcallyh‘

lnduced cracks 1n the core can occur when the water

,:pressure at a glven depth (03) exceed the total.stress‘.

"16{

at the same depth

In reserv01r fllllng, the.'stiffer filter zones .have

ﬂ'resulted, in srgnlflcant __interaction effects to’

distribUte_ the’ stresses -thusf eliminate the zones  of.

potential fracturlng.
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17.There is no significant change in the stresses and
displacements in the dam with straight and curved .axis

under both construction and reservoir full conditions.

18.Reduction in core stresses must lead to the increase in.
the stresses of adjacent shell. Therefore, if the core
is softer than the shell, load transfer occurs from
core to shell leading to hydraulic fracturing or

formation of cracks by high water pressure.

19.If the core is stiffer than the shell, then the load
transfer may take place from shell to core, which may

cause local over stressing in the core.

20.Some unavoidable difference between observed and

predicted behaviour would appear probably caused by:
v Unsatisfactory performance of the instruments used

v Possible sources of error may be found in the

approximations in forming the constitutive law

v The use of tri-axial data in a plane strain problem
and in the 1inadequate representation of real

variations in material properties.

v The construction sequences were not reproduced in the

model properly.

v Process of creep and infiltration during reservoir
filling very well might explain the analytical under-
prediction experienced for the settlements, which was

not included in the analysis model.

v Undesired method of constructions and quality control
applied resulting in decrement of strength propefties

of used materials.
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CHAPTER 3

FINITE ELEMENT METHOD
ANALYSIS

3.1. INTRODUCTION

Numerical method allied to powerful digital
computers give today the possibility of solving almost
all well defined physical problems witﬁin any accuracy
desirable. . The Finite Element Method process of
discretising and approximating continuum problems has-
proved itself to be most general and useful procedures.
It is, therefore; natural for the engineer concerned with
such important Astructures _as dams to turn to this
numerical process for the answer to the question posed at

the analysis and design stages.

The Finite Element Method was introduced to the
geotechnical engineering profession in 1966, when Clough
and Woodward (1967) demonstrated its usefulness for
anaiysis of stresses and movements in earth dams.
Geotechnical engineering haq long been aware of the
limited usefulness of linear:élastic analysis of soil and
rock masses. The method has other unique capabilities as
well; these include the fact that it can be used for
problems involving non homogeneous materials complex
boundary conditions, sequential loading and so on. And it
was 1immediately obvious that the ability to analyze
nonlinear behavior gave the Finite Element Method,great

potential to use in geotechnical engineering problems.

The analysis of the structures by the Finite

Element Method comprises of an idealization of an
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actual continuum as an assemblage of discrete element

interconhected at their nodal points (Singh, 1991).

The various steps followed in a Finite Element

analysis are:

1.8ub division of the continuum into finite element of

suitable configuration.
2.Evaluation of element properties.

3.Assembly of element properties to obtain the gldbal

stiffness matrix and load vector.

4. Solution of resulting linear simultaneous equation

for the primary unknowns after introducing the

boundary conditions.

5. Determination .of secondary unknown guantities such

as stresses and train.

3.2. FINITE ELEMENT FORMULATION

Most applications of finite element method in soil and
rock mechanicé - have been made by adopting .or suitably
modifying formulation and programs developed for structural
and continuum mechanics. Three basic variation principles

for stress analysis employed in structural mechanics are:
1. The principle of minimum potential energy
2. The principle of minimum complementary energy and

3. The Hellinger-Reissner mixed principle

Displacements are adopted as primary unknown in the
first case, stresses are adopted as unknowns in the second
case, and both displaéements and stresses become primary
unknown in the Hellinger—Reissner principle. - Procedures

based on the first and second and third prinéiples are
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called the displacement, the equilibrium and the mixed
methods, respectively. Often hybrid procedures have been
developed in' which some displacements or stresses within an
element and_ some stresses or displacements on the boundary
of the elements are adapted as primary lunknown. The

displacements procedure 1is most commonly employed in

Geotechnical Engineering.

The diéplacéments method offers a number of advantages
over other methods. It is often more difficult to construct
an approximate stress . model that satisfies stress
equilibrium than to construct a compatible displacement
model. On the other hand, in the displacement method, the
stresses are derived from computed (primary) displacement;
hence the stress may not be as accurate and are often
discontinuous across élement boundaries. A majority of non-
linear formulation by finite element method has been written

in terms of the displacements.

3.3. DISPLACEMENT FUNCTION

An 8 noded isoparametric finite element is shown
in fig.3.1l. For typical finite element ‘e’, defined by
nodes 1i,j,m etc, the displacement {f} within the

element are expressed as:

e

{£f} = [N] {d} s (3.1)
where [N] = [Ni, Nj, Nm ...]
and {5} = { &i, &3, dm ...}" (3.2)

The component of [N] are general functions of position

and {5}° represent a listing of nodal displacements

for a particular element.
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For the three dimensional element

represent the displacement in x, vy, z direction at a

" point within the element and

U,

¥

{di} = v, p (3.4)

w,

7

are the corresponding displacement of node 1i.

[Ni] is equal to thé [INi"] where Ni’ is the shape

function of node i and I is the identity matrix.

3.4. SHAPE FUNCTION

The shape functions for an 8 noded hexahedral

element used in this essay are given by the follbwing.

At t he corner nodes (nodes no.1,2,3,4,5,6,7,8).

n=-1
Y

e
n=1

Fig.3.1l. Shape functions for an 8 nodded hexahedral element
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Ni= é(1+§0)+ (U+770)+(1+,)

= (3.5)
. n, =%1
g}zil
Where:
5)2455}
My =117 e, (3.6)

Go=6C;

¢i , ni , {i are the local coordinates of the ith node

and & , n , ¢ are the local coordinates of the point

concerned.

3.5. STRESS-STRAIN RELATIONSHIPS

With displacements known at.- all points within the
element, the strains at any point can be determined. Six
strain components are relevant in the 3D analysis and

the strain vector can be expressed as:

r 3\

ou
Bx
Fy ov.
g, 3y
g, ow
£, 8z
{g}=<7%y>=< au avl (3.7)
1 5y ox
vl |z
0z Oy
ow Ou
— —
(Ox 0Oz J

This can be further written as:
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te}=1Bls} =

(3.8)
[Bi]l 1is given by:
oN, 0 0W
ox
A
oy
0 0 %?l
1z
Bl=< ., .,
[r] N, é@ﬁ_ 0 ..(3.9)
oy ox
) N o
0z oy
o, o,
Oz Ox. )

In which [B] 1is the strain displacement matrix that
derived by considering natural & global coordinates,

global derivatives and Jacobian Matrix, [J].

- 3

ox Oy 0z
o0&  o& 0
_ | ox oy 0z | ,
[/]=1 on  on o — (3.10)
ox oy 0z
o o 8¢

The stresses are related to the strains as:

{ot=IDle}— e )+ lov) I— (3.11)

" where [D] is an elasticity matrix containing the

appropriate material properties, {gg} 1is the initial

strain vector, {o} is the stress vector and {og} is the

initial stress vector.
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The elasticity matrix is given by:

: 1-v 0 0
E 1-2v 0
= e N e . (3.12)
W]ﬁ+ﬁﬁ—h) 2 :
1-2v
2
1-2v

Where E is the Young’s modulus of elasticity and u is

the Poisson’s ratio of the material of the element

3.6. STIFFNESS MATRIX

The stiffness matrix of the element is given by the

following relation:

{F¥ =[KT {5} e (3.13)
where {F}e'is the element nodal load vector, and [K]e, the
element stiffness matrix given by

T
k]= I[B] [D] [B]av | v e (3. 14)

|4

where V refers to the volume of the element.

The global stiffness matrix [K] is obtained by directly
adding the individual stiffness coefficients in the global

stiffness matrix.

The mathematical statement of the assembly procedure 1is

given below that similarly for the global load vector.
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3.7. TECHNIQUES FOR INCORPORATING MATERIAL NON-LINEARITY

The solution of non-linear problems by Finite Element
Method is usually attempted by one of three basic techniques
viz. (a) incremental or step wise procedure (b) iterative or

Newton methods and (c) step—iterative or mixed procedure.

3.7.1; Incremental Procedure

The basic of this procedure is the subdivision .0of the
load into.many small partial loads or increments. Usually
these loads increments are in general of equal magnitude,
but need not be equal. The load is applied one increment at
the +time and during application of each element, the
equation is assumed to be linear. A fixed value of [K] is
thus assumed throughout each load increment but [K] take

different value during different increment.

The solution for each step of loading is obtained as an
incfement of the displacement (Ad), which is added up to
give the total displacement at any stage of loading, and the
incremental process 1is repeated until the total 1load has
been reached. Essentially, the incremental procedure
approximates the non-linear problem as a series of linear
problems, that is, the nonlinearity is treated as piecewise

linear.
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The total load {f} is given by
M .
{F}={F,}+ ) _{AF} _ . (3.16)
i=1

Where {Fp} 1is the initial load vector and M is the total
number of increments and {Ad} is the incremental load vector
in the i®™ increment. Hence after the application of the i®*P

increment, the load is given by
(FY={F}+Y{AF} (3.17)
, =i

Similarly after the i'*® iteration, the displacement is given

by
{5,.}={§0}+Zi:{A5j} ' e (3.18)

where {&g} represents initial displacement.

Usually {Fy} and {&p} are null vectors because the solution
is started from the undeformed state of the body. However,
any 1initial equilibrium state of {Fp} and {&p} cén be
speqified.

To compute the increment of displacement, a fixed value

of stiffness is used which is evaluated at the end of the

previous increment. Therefore,
[K, [{Adi} ={AF,} for 1=1,2,3,...M . (3.19)

Where the subscripts refer to the incremental stage
and [KO] are the initial wvalue of stiffness [K]. [Kol
is computed from material constant deriving from the

given stress-strain curve at the start of the loading.

The incremental procedure is systematically
indicated in figure below. Usually, in the incremental

procedure the tangent modulil (Et) is used to formulate
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[D{oc}] and to compute the stiffness [K]. The matrix
[K] 1is often referred to as the tangent stiffness

matrix.

A
N Incremental solution
F
l‘ ‘ ~ Exact solution
i - L -
i
{80.Fo) B i

Fig. 3.2. Basic Incremental Procedures

- The accuracy of the incremental procedure can be
improved by taking smaller increments of the load, say

by adopting half of the load increment.

3.7.2. lterative Procedure

The iterative .procedure involves a sequences of
calculation in which the structure is fully loaded in each
iteration. Because some approximate, constant value of
stiffness is used in each step, the equilibrium is not
necessary satisfied. After each iteration, the portion of
the total load that is not balanced is calculated and used
in next step to compute an additional increment of the
displacements. The process is repeated until equilibrium is
approximated to some acceptable degrees. Essentially, the
iterative procedure consists of successive correction to a

solution until equilibrium under the load [F] is satisfied.
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For the i®™® cycle of iteration process, the necessary

load is determined by:
{F}}={F}—{F;4} ............... (3.20)

where ({Fe,i-1} 1is the load equilibrium after the previous
step. »

An increment to the displacement is computed during the i®P

step by using the relation. ‘ -
K A&y ={F} (3.21)

where the subscript, i,denote the cycle of iteration.

th

The total displacements after the i iteration is

computed by using the'relationship of eq. (3.18).
Finally, {Fe,i} is: calculated as the load
necessary .to maintain the displacement {&i}. The
procedure is repeated until the increment of
displacement or the balanced forces become zero, that
is, {A®i} or {Fi} become null according to some

preselected criterion.

Instead of computing a different stiffness for
éach iteration, a modified iterative technique is also
employed which utiiizes éhly the 1initial stiffness
[Ko] . Obviously, the modified procedure nedeésitates a
greater number of iterations. However, there is a
substantial saving of computation because it is not

necessary to invert a new stiffness at each cycle.

The iterative procedure is illustrated

schematically in figure below.
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Fig. 3.3. Iterative Procedures

3.7.3. Mixed Procedure

The step iteration or mixed procedure utilizes a
combination of the incremental and iterative schemes. In
this- method, the load is applied incrementally, but after
each increment successive iterations are performed. This:
method yields higher 'accuracy at the price of more
computational | efforts. The schemes of proceduré are

illustrated in figure 3.4 below.

{

» O

Fig. 3.4. Step Iterative Procedures

Chapter 3: Methods of Analysis -12-



Because the mixed method combines the advantages of
bbth the incremental and iterative procedures and tends to
minimize the disadvantages of each, step iteration is being
utilized increasingly.- The additional computational éffort
is justified by the fact that the iterative part of the
procedure permits one to assess the quality of the

approximate equilibrium at each stage.

3.8. CONSTITUTIVE LAWS

It  has been repeatedly shown  that the most
influential factor in the finite element analysis of
embankment dams is the modeling of the stress-strain
behavior of the fill by an appropriate constitutive law.
However, in spite of the diversity of the stress-strain
relationship being used, reasonable agreement has usually.
been found when the results of finite element analyses
(typically movements) have been compared with field
observations. This is not surprising bearing in mind the
fact that most of the analyses were done after the field

measurement had been made.

3.8.1. Linear Elastic Analysis

Soils are far from being either linear or elastic.
Nevertheless, becauée of simplicity, geotechnical
engineers have often characterized the behavior of real
soil using idealized models of linear isotropic
elasticity. Reasonable results can only be obtained for
conditions far away from failure, when a significant
factor of safety operates, These conditions wusually
prevail in rockfill dams, and thus it is not surprising

that linear elastic analyses have been successful in
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number cases.

Only two elastic constants are needed to
chafacterize the stress-strain Dbehavior of isotropic
linear elastic materials. They are wusually Young's
modulus, E, and Poisson's ratio, e. In order to obtain
reasonable values ~of stresses and particularly
displacements, it is essentiél to find the most suitable
values of the above elastic constants. A "constant
equivalent compressibility' method for determination of
Young's modulus using data from oedometer tests was proposed
by Penman and Charles (1973). They showed that the internai
distribution of vertical displacement during construction of
a thick, broad layer (one dimensional condition) possessing
self weight, can be predicted with little error by the use
of constant Young's modulus determined to give the correct
final displacement of a point half-way up the complete

layer.

Justo and Saura (1983) carried out a 3-D linear
analysis of EI-Infiernillo dam wherein the parameters E and
u used in the analysis were derived from the behavior during
construction._The value of Young's Modulus E was found out

from Oedometric modulus as described:

1—y =202

E=E,, = : e (3.22)

And the Poisson's ratio, v, was estimated by the method used

by Simmons (at Singh, 1991).

It was recognized a long time ago that modeling of
soils in terms of the bulk modulus, K, and the shear
modulus, G, had some advantages over the use of Young's

modulus, E, and Poisson's ratiop, e.
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This model was used by Domaschuk and Wade (1969) and
Domaschuk and Valliappan (1975); K¢ — Gt models employed
by Izumi, Kamemura and Sato (1976). In comparison with

the hyperbolic model, this model is simpler. Only five

parameters are required. For unloading an additional
parameter is. needed. As with the hyperbolic model
discussed ébove, it seems that (I good fit to both

oedometer and triaxial test data cannot be obtained.

3.8.2. Nonlinellar Stress-Strain Behavior

Theories of elasticity and plasticity have been widely
used 1in géotechnical engineering for problems involving
small and ;arge strain to which neither the theory of
elasticity | and plasticity afe directly applicable.
Furthermore, actual boundary conditions are often difficult

to incorporate into the critical solutions.

Recent 'developments of numerical methods, particularly'
in  the Finite Element Method, have provided new
computational capabilities making it possible to handle many
complex boundary condition and material nonlinearity. The
accuracy of the Finite Element Method depends on the proper

incorporation of nonlinear constitutive equations of the

soil. '

The relationships between stress and strain in soils
are more complicated than the simple, linearly elastic ones
described in ‘previous section. The stress-strain relation
being represented by a number of lines. Two general forms,

which are available for this purpose, are tabulat forms and

functional forms.
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Tabular Form:

The stress-strain results obtained from laboratory
tests can be used directly in tabular form for finite
element analysis as was done in case of Duncan Dam by
Einstein, Krishnayya and Morgenstern (1972). VFor‘ this,"
several points of the stress-strain curves are fed as input
to the computer in the form of number pairs denoting stress
and strain at these points, The material parameters E and v
are interpolated for the desired level of stress or strain
by a suitable interpolation method, if it 1is on a single
curve. If instead, there is more than one curve, as will be
the case for materials whose stress-strain relationship is a
function of the confining' pressure; interpolation 1is done
for the different curves as well. The tabular form is
cumbersome as it occupies a relatively large storage‘space

in the computer.

Functional Form:

An obvious advantage of the use of the mathematical
function is that, in contrast to the tabular form in which a
number of data points are input, only a few parameters are

needed to describe the curves.

The most widely used function for simulation of stress-
strain curves 1in finite analysis was formulated by Duncan
and Chang (1970) usiﬁg Kondner’s (1963) finding that the
plots of stresses vs. strain 1in triaxial analysis
compression test is nearlyta parabola. The procedures uses
Mohr Coulomb failure criterion and develops relationship for
the tangent modulus ~and poison’s ratio which may be

expressed in terms of total or effective stresses.
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Kondner’s approximated the equations of stress-strain curves

for both clays and sands by the following hyperbolic

relation:
&
C,—0;3= b
atoe | (3.22)
where, o1 = major principal stress, o3 = minor principal
stress, €; = major principal strain, and a,b = constants

whose values are determined by fitting experimental data

€
It is shown at the figure that
1 1
b=——— a = —
(0, -03)| and Evl (3.23)
Where, E; = initial tangent modulus, (o1 - O3)wut = asymptotic

value of the principal stress difference at infinite strain.

The tangent modulus at particular Stress, E: is given by:

B =[5, -0
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Duncan and Chang noted that each of the constant a and
b should be depend on the minor principal (confining)
effective stress, o3. More precisely, they suggested that E;

vary in the following manner:

E==—=K.P |2 (3.25)
a P,
where:
o3 = the confining pressure
P, = the atmospheric pressure expressed in the same unit
as E;
K = a dimensionless number termed the modulus number
n = dimensionless exponent ‘which determines the rate

variation of E; and o3

R is the failure ratio defined as the ratio of the
deviatoric stress at failure to the ultimate deviatoric

stress given by

(0'1—0'3)f=Rf(o'1'—o-3)uh .

Based on the results of a number of loading-unloading -
reloading test on sands, Duncan and Chang proposed the
following relationship for the variation of the initial

elastic modulus:

— 0-3 n~
Ew-—K;-fL[;;) e (3.27)

a

where: Eyy = the locading-reloading modulus

Kyr = the corresponding modulus number
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Kulhawy and Duncan (1972) modify expression for
poisson’s ratio, u, it is assumed that the soil possesses a
constant bulk modulus B, the incremental value of the v is

then calculated from the expression:

E,
v=0.5(1—§) ............... (3.28)

The meaning of parameter K, Ky, v, ¢, ¢, and Rg, is the same
as for the other versions of the hyperbolic model. The
guantities K, and m are used to make the bulk modulus B a

function of confining pressure o3:

n .
B=k,P|Z
‘ P )L e (3.29)
where:
K, = the dimensionless ‘bulk modulus number’ (equal to the

value of B/P, at o3 = P,)

m = the dimensionless ‘bulk modulus exponent’.

3.9. SEQUENTIAL CONSTRUCTION ANALYSIS

Embankmenﬁs are built up in relatively thin horizontal
layers. Consequently, there will be a large number of layers
during the construction of a large dam. The limitations of
computer modeling require relatively thick layers to be used
in the idealization (Figure 3.5). In the past, to provide an
insight into the errors involved, the closed form solution
of the incremental analysis -was usually compared to the
finite element 'layered' analysis using a one-dimensional
model that represents either a soil column or a £fill of

large lateral extent.
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Fig.3.5. Layered idealization

In the next approach of the conventional stress
deformation, the structure is assumed to be completed in
single stage and the gravity load is applied instantaneously
as an external load to the complete structure. This
conventional solution treats the gravity effécts as an
external loads applied to the finished structure and wvalid
if the state of the stresses in the structure is statically
determinate at all stages of construction process, but in
actual condition most embankments are constructed in layers
by incremental process and the load is accumulated gradually
during construction thus invalidates the assumption:of one

stage layer analysis.

Engineering structures are usually constructed in a
definite sequence of' operations. A conventional iinear
analysis of such structures 1s performed by assuming that
the entire construction takes place in a single operation.
The stresses and deformation are computed by considering
loads on Completed structures. However, for the non-linear
problem typical in soil and foundation engineering, the
behavior at particular stage of loading is depend upon the
state of stress and stress history. Thus the stresses in the
final configuration are dependihg upon the sequence of
intermediate configurations and loading (desai and abel,

1987) .
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Most embankments are . constructed in layers by
incremental process and the load i1s accumulated gradually
during construction that invalidates the assumption of
instantaneous of the entire gravity load in on stage. For
realistic analyses of both stresses and movements in cbmplex
condition, the sequence analysis provides a rational

procedure of considerable engineering value.

In the sequential analysis, the structure 1s first
- divided ihto horizontal slices, known as 1lifts or layers
‘ corresponding to the construction scheme. The analysis is
then carried out in succession for stresses and
displacements corresponding' to different stages of
construction. Thus, first of all; the analysis is carried
out for the first 1lift for its own load, i.e. the structure
is supposed tdé comprise one 1lift only and the stiffness is
formulated for the élements of this 1ift only. These
stresses and deformation are stored, and the second 1lift is
added to the structure. Now the structure is supposed to be
made up of two layers and stiffness is generated for the
elements of these two layers but the gravity forces
considered are due to the dead weight of the second layer
only, whereas the first layer is considered weightless. The
stresses and deformation due to this incremental load are
calculated for the whole structure and are added up to the
previously stored value. This process is repeated till the

analysis is complete for the whole structure.

3.10. STEPS OF THE ALGORITHM

Incremental construction analysis as proposed by Clough
and Woodward - (1967) has been modified to analyze the dam

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

(1985), which is wused in this study. For the water

loading and effect of softening the approach as adopted by

Nobari and Duncan has been adopted.

The various steps in the solution algorithm are:

1.

2.

Take first layer

Calculate the elastic constant based on the anticipated
values of stress. o;= v h and o3= Ky 01 , where h is the
average height of the fill in the layer and a constant
value of 0.50 for Kq, the coefficient of earth pressure

at rest, has been adopted for all zones of the dam.

. The gravity 1loads of the new layer only (AFi) are

calculated. These are addéd to the loads of the

previous layer to get the total loads.

. The stiffness matrix [K] of the structure up to the end

of current layer is calculated.

. The incremental displacement {AD}, the incremental

strains {A¢e} and incremental stresses (Ao} are

calculated.

(A3} = [K17" {AF')
{Ag} = [B] {Ad}
{Ac} = [D] {Ae}

The D matrix used here is calculated according to the
proposed stress-strain model at the existing stress

level, prior to this iteration.

. The stress-strain matrix 1s found out at the stress

state obtained by adding the incremental stresses in

step 5 to those at the beginning of the iteration.

. Incremental stresses are recalculated with the new

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

the iteration.

9. The equilibrium load vector is calculated by

{Fe}=I[B]T{o'}dv and the residual load vector {y} by

v
{y} = {F} - {Fe}
10.{AFj} is set equal t‘o {¥}, where j is the iteration number

" and the superscript refers to the layer number.

11.Calculate the norms of the residual 1load by the

relation

1 :
‘{W}‘:({W}T{y/})z and compare it with the norm of total load

applied, find convergence factor

Norm of residual loads
Convergence factor = f

Norm of applied loads

12. If the ratio of norm residual to that of total applied
load is witAhin. speci'fied tolerance factor, the
" stresses, strains, displacements and principal stresses
are stored and the next step is skipped, otherwise the

next step is followed.
13.If the ratio of norm residual with the normal of
applied forces is not within the specified

tolerance limit, convergence ratio = is

calculated

Conv. factor in the current iteration
Conv. factor in the prev. iteration

Convergence ratio =

- If the convergence ratio less than 1.5 goes to step 4,

otherwise go to step 5.
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14. Take next layer, if left and proceed from step if the
‘analysis 1is for construction stage. If the analysis is
to be done for reservoir filling also go to next step

if any stage is left. Stop if no layer / stage is left.

15.Calculate the additional gravity loads for the elements
in the current layer only leaving the elements in the
previous layer. The additional gravity loads will be
upward iﬁ case of upstream shell and transition due to
buoyancy and downward in the core due to saturation of
the core material. These will be no additional gravity

loads in elements downstream of core.

16.Calcuiate the water pressure load on the upstream face
of core elements up to the end of current layer. For
elements in current layer it will be calculated on the
basis of the water pressﬁre head at the nodes while the
elements 1in the previously. filled stages the water
pressure head will be equal to the height of current

reservolr rise.

17.Calculate the water load acting on top each layer based
on the pressure head equal to the height of reservoir

rise in that stage.

18.Calculate softening- load for the elements upstream of

core lying in the current layer only.

19.Add the loads in step 15 to 18 to get {F;} for further

calculations.

20. The stiffness matrices is calculated for the entire

load

21.Go to stepb
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CHAPTER 4
CASE STUDY

4 .1. GENERAL

Correct assessment of movements in dam are called for
better understanding the behaviour of the dam and to safe
guard against cracks, hydraulic fracturing, etc., related

failure at design state itself.

Djatiluhur dam, an inclined core rockfill dam in
Indonesia, is identified with 'significant deformatioh,
started during construction period till the present
reservolr operation period. Therefore, it is of interest to

evaluate its behaviour.

This study is limited to analyze and compare the
computed and the observed values of deformations of
Djatiluhur dam, to validate the model and thereafter to
evaluate the dam performance. The details of the dam studied
as a case study, and the model and software used for

analysis are given in this chapter.

4.2, STUDY AREA
4.2.1. Introduction of DJATILUHUR Dam

Djatiluhur Dam 1is located on Citarum River in -west
Java, for location refers Fig.4.1. The main embankment dam
is 105 meter high above minimum foundation level and is 1220
meters in lehgth'at crest level with an embankment volume of
9.1 x 10° m3. -
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Fig.4.1l. Location Map of Djatiluhur Dam

For plan, refer Fig 4.2. The reservoir so formed (named
Ir H Juanda Reservoir in memory of late Prime Minister Ir H
Juanda) has an operable storage of 2.1 billion m3 between
the minimum reservoir El. 75.0 m and maximum conservation
El. 107.0 m which is incidentally the sill 1level of the

uncontrolled morning glory main spillway.
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Fig.4.2. Plan of Djatiluhur Main Dam

The Djatiluhur dam 1s a multipurpose Prdject and
pricrity of water releases is for mﬁnicipal demand (water
supply, flushing foul water drains) and irrigation with
hydroelectric generation as a third priority. Water releases
are made into the old riverbed and are diverted into two
canals, namely East Tarum Canal and West Tarum Canal at
Curug weir, 8 km downstream of the dam. Further downstream
Walahar weir supplies water to North Tarum Canal. About
260,000 hectares of rice fields in the northern plains of
West Java extending eastward from Jakarta to Indramayu have
now a regulated assured supply for 1irrigation and it. is
possible to have double cropping. Incidentally the stofage
of inflows and control of Citarum River has protected the
town of Karawang and surrounding area from heavy losses in
terms of life and property in case of floods. The 4500 km?
catchment ét Djatiluhur receives an average " annual
precipitation of 2600 mm. The mean annual inflows of Citarum

River at Djatiluhur are of the order of 5650 million m®, out
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of which about 4500 million m’ i.e. 80 % occur during the

rainy season from November to May.

Ir. H. Djuanda multipurpose dam and the Wates resources®iglrasuructytes are fational sgategdic
o

|

assct which has to be maintained. fogits longlive funcueds.

Fig.4.3. Downstream view of Djatiluhur Main Dam

The Project structures were designed and supervised
during construction by COYNE et BELLIER, Paris Consultant.
The hydraulic model tests were <carried out in the
laboratories of SORGREAH at Grenoble while the Soil
mechanics testing was done by MECASOL in Paris. Civil
engineering works were done by the COMPAGNIE FRANCAISE
d’ ENTERPRISE of Paris and associates CITRA, BATIGNOLLES,
DRAGAGES, Drilling and grouting work was done by SOLETANCHE
(Paris) as sub-contractor and electrical and mechanical
equipment were supplied by COMPAGNIE GENERALE D’ENTERPRISES
ELECTRIQUES - COGELEX (Paris), NYRPIC (Grenoble-France) and
GRUPPO INDUSTRIE ELECTRO MECCANICHE PER IMPIANTI ALL’ESTERO
G.I.E. of Milan Italy. The construction work was commenced
in 1958 and was completed in 1967 and inaugurated by the

President of Indonesia on August 26, 1967.
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4.2.2. Description of the Dam Structure

The major structures of Djatiluhur Project are the Main
Embankment Dam and Power station/Main Spillway Tower. In
addition there are four saddlelembankmeﬁts with an Emergency
spillway on the left abutment of Ubrug dike. Djatiluhur main
embankment dam 1is founded on poor rock consisting of
sandstone, claystone with an occasional thin stratum of

limestone.

CLAY CORE

The impervious element of the dam is a thin clay core,
slightly sloping upstream. The material of the core is high
plasticity clay (CH), which is the weathered claystone. The

other properties of the clay on the average are:

~Liguid limit 65%
Plasticity index 35%
$ Finer than # 200 sieve 60%
% Finer than 0.005 mm 35%

Optimum standard Proctor density 1.6 T/m?

Optimum moisture content 22%
Shear strength o c’ =2 T/m?, ¢ = 19°

The clay have liquid limit varying from 50 to 75 and
plasticity index varying from 25 to 45 and falls in CH group
on the Casagrande Classification Chart. The shear strength
parameters as above were considered conservative at the time

of design.
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Fig.4.4.

Djatiluhur Dam
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Clay was proceséed " before transporting to site by
addition of water and breaking down the lumps, however water
was sprinkled at site to bring it to specify moisture
content of to 2% wet of Proctor optimum. Compaction was done
by rolling in 0.2 meter thickness. Recently (1989-1990)
while drilling for rehabilitation of Instruments
investigation of the clay core was done by drilling 14 holes
from the «crest and testing samples. The results of
laboratory tests for strength are as per figure below. The

mean strength so found is lower than the designed strength

as above being ¢’ = 0.36 kg /cm® and ¢’ = 16.9° whereas the

lowest values fit in as ¢’ = 0.17 kg.cm® and ¢’ = 13.2°.
4.0
5
° 9
=
) 3.0
-2 o
TN Best fitting line
by 0=0.343
a=16:8°
-ll .2. 0": Q.'F 0"36 kg fme
- g=19e -
aslaor |
4.0+ ¢=0.17 kg/em
9=13.2°
[ i L i o ) i ' i s
10 2.0 z0 4.0 8, 6.0 70 8.0 30

{kg/em®)}

= b *2?"3-

Fig.4.5. Clay Core Tri-axial Test results.
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ROCKFILL

The rock fill used in the construction of main embankment

dam shoulders is of several kinds as described hereafter:

Zone D material was the main rock fill that was hauled
from the quarries of andesite outcrop at Cilalawi and
Pamojanan about 7 km along the haul road on the upstream
of the site. There was no limit on the maximum size of the
rock but material sizes less than 20 mm were not to be
more than 25%. The larger size rock fill was specified for
the downstream shoulder. The D zone was built in lifts of
5 to 10 meters by dumping and sluicing. Zone D or E were

specified for upstream shoulder rock fill.

Zone C rock fill is a selected rock fill to act as a
transition material between coarse filter and rock fill
zone D in the downstream and upstream shoulder. The
maximum size in this zone was limited to 0.6 meter and
material in the 20 mm size was not more than 25% as
specified also for Zone D however this zone was compacted
in layers of 1 meter thickness by a vibratory roller.
There is also a fine zone C material which is to protect

the coarse filter in the downstream chimney drain above

E1. 100.0 m.

Zone E is a smaller size material placed in layers of 1 to
2 meter, also sometimes speéified as an alternate to zone
D. The actual placement has been detailed subsequently. As
for other rockfill the maximum percentage of particles
smaller than 20 mm was 25%. Zone E was also used under the
downstream Shoulder‘as a protection layer over the sand
placed on the foundation as a protection/distribution

layer.
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— Rockfill strength was determined from tests in large shear

apparatus that gave angle of friction between 42° and 45°.
The rockfill as dumped on the upstream cofferdam for
construction had an angle of repose of 1.3 horizontal to 1:

vertical and this supported the laboratory results.

FILTERS

Three different filters were used to prevent migration of
fines whether from the core upstream or downstream or to

protect the foundations.

- Fine filter, specified size between 0-20 mm
— Coarse filter specified size between 2-125 mm

- Random filter specified size between 0-150 mm

Filters were compacted by vibratory roller and were
placed in layers of 0.5 meter. Random filter was used as a
transition material on upstream and also above El. 100 m in

downstream chimney filter.

‘CLAY BEDROCK

Analysis of stability following the discovery of sheared
zones in clay bedrock on exactions for foundations led to an
extensive investigation of clay bedrock shear strength along
the shear surfaces. The shear strength of the sheared zone
material of the bedrocks i.e. claystone and sandy claystones
was investigated thoroughly and also each bed was examined

by scrap sampling and sheared zones identified.

Laboratory testing on the most plastic material gave as low

a shear strength value as ¢’ = 14° and C’ = 19,6 KN/m’ i.e

tan ¢’ = 0.2 and C = 2 T/m® whereas assumed shear strength
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was ¢ ' = 11.3° and C’ = 196 KN/m* on a shear surface

parallel with bedding of the rock. For sheared surface not
parallel with bedding, shear strength of tan = 0.5 (¢’ =

26.5°) and C’ = 0 was assumed.

Table 4.1. DUATILUHUR MAIN DAM DESIGN PARAMETERS

PART OF DAM MATERIAL/ DENSITY SHEAR STRENGTH
ZONE (_tlm3)
P1-r (deg) | C’ (tm2)
CLAY CORE sat = 2.05 19 2
sub=1.05
ROCKFILL Dry=1.3
EMBANKMENT (Andesite) Sat=2.13 42 0
Sub=1.3
CLAYSTONE Dry =2.0 26.5 0
BERM " Sub=1.0
SANDSTONE Sat=2.6 26.5 0
Sub=1.6
. CLAYSTONE Sat=2.6 - 26.5 0
FOUNDATION ‘
Not parallel To Sub=1.6
bedding

4.2.3. Embankment Section

The main dam embankment has an upstream slope of 1:1.35
with horizontal berms at El. 100 m and El. 82.5 m. These
berms are not provided in the central portion of the main
embankment dam. This was due to restriction in the 'section

by the outlet works section BB (0).
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Section AA .

Section AA at 100L Fig 4.5 shows the upstream slope havinq
the advantage of cofferdam that has been incorporated in the
section. There were berms at El. 100 m and El1. 82.5 m. The
core has a protection of random filter and zone C as chimney
filters on upstream. The upstream shoulder rockfill can be
Zone D or Zone E. The downstream shoulder 1laid  on a
protection and distribﬁtion layér for almost the portion of
original section (i.e. without the riseberm) has a further
protection of Zone C or Zone E material over the protective

layer.

Under the riseberm for most of the 1length, a thick
layer of zone E was placed, however for the inclined contact
zone of excavated slope, a double protection layer was
placed. The downstream cofferdam of Zone D plus impervious
blanket was incorporated iﬁ the section. The sloping ground
beyond was used to put random material over Zone D material.
The core has fine filter and coarse filters as chimney
filters on downstream up to El. 100.0 m further strengthened
by 10 m wide Zone C material specifically compacfed in
layers of 1.0 m by vibratory roller. Above El. 100.0 m, the
filters déwnstream of core are the random filter and then
fine filter. The riseberm starts at El. 90.0 m and has a

_berm at E1. 80.0 m.

Section BB

Section’BB at (0) Figure 4.6 differs from section AA (100L),
in that the upstream slope has no berm., No specific material
has been placed at the contact with the Tower; however thé
contac£ of impervious core with the Tower has a cover of

random filter and zone C. The upstream cofferdam supports
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the Tower on upstream. The downstream shoulder has the
foundation with a complete protective layer cover plus Zone
C or Zone E under the rockfill Zone D or Zone E. Eveﬁ,under
the riseberm a layer of random filter was placed however a
thick clay cover was introduced which 1is over the tailrace
conduits under the dam in the downstream shoulder which
continues to the outlet works but is reduced in thickness.
The riseberm has berms at EL. 46.0 m, El. 63.0 m, E1. 80.0m

and goes upto El. 90.0 m as elsewhere.

CROSS:SECTION: B-B: (0).

it o
pd R R 0032 N A 22 ane

Fig.4.6. Main Dam Section BB at (0).

4.2.4. Grout Curtain

A watertight grout curtain was provided under the main
dam for controlling seepage and pressure in the foundations
refers Figure 4.7. The figure also shows general lithology.
It is shown that the curtain is installed with 30 - 35 meter
depth, which 1is 36% of maximum pressure head. No advantage
has been taken of -the dipping of the beds and the

alternating layers of <claystone with more permeable

sandstones.
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There is also no consideration to tie the grout curtaln
in depth with an impermeable layer or on the sides of the
ravine. The curtain hardly goes beyond the £fill into the
abutments. Aléo shown . in the figure above is the columnar

geological section of lithology of the site-exposed strata.
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The grout curtain was proposed at the design stage, as
there was concern about seepage along interfaces of

sandstones and claystones.

4.2.5. Embankment Behaviours and Performance Histories

The cracking at the crest, settlements and horizontal
movements shown by crest markers, differential settlements
between downstream and upstream shoulder markers on crest,
have all dodged the Djatiluhur dam ever ~since its
construction in 1965. Drawdown to lower feservoir levels in
1972 & 1982 accelerated these movements that only decreased

when reservoir regained its height in each case.

Incidentally movements occur in central portion of the
embankment dam which was modified to balance the £fill
quantities by reduction in the quantity bf ﬁpstream rockfill
in lieu of riseberm placed on downstream slope, as also
modification of the core geometry, to prevent possible
failure of the downstream slope along shear zones in clay

bedrock of the foundation.

Regarding to the dam performance history, differential
settlement 1is occurred during dam operation, started from
its appurtenant structures completed in 1967 till at the
present. Fig.4.8 and 4.9 below illustrate the measured
differential settlement. at the crest of the dam. More than
1800 mm magnitude of maximum settlement was occurred at
downstream crest edge in 2002, and the increment 1is

predicted being never ending.

First crack along crest of Main Dam occurred after Main
Dam was completed in 1965. It was shown in fig. 4.10. The
rehabilitation was limited to filling the cracks with

selected material similar to the upper part crest material.
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. Longtudinal:crack along crestfoad hear d/s-cr

Fig.4.10. Documentations of Crack Occurrences at the
crest of the dam.

Differential settlement'in 1972 at lower water level
(at + 78.50) was made-up with road materials after condition
was stable. Differential settlement in 1976 at lower water

level (at + 87.45) was made-up with road materials after
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condition was already. stable. Differential settlement in
1982 at lower reservoir level (at + 76.65) was made-up with
road material after condition was stable. Differential
settlement. in 1987 at reservoir water level at El. + 87.50 m
for considerable period because df impounding of Cirata

Reservoir, crest repairéd in 1991.

Concavity of the upper part of the upstream shell (EL.
+ 100.00 to + 114.50), were observed in 1987. and were made-

3 of stone in about 90 meter

up by placing more than 500 m
- stretch. Drilling was done in 1989-90 to install instrumenté
and also to get samples of core material for testing. This
also covered drilling in access gallery, drainage gallery
and Ubrug dyke. Tracer tests and permeability test were also
done; clearing their full depth rehabilitatéd also existing

inclinometer.

4.3. SOFTWARE USED
4.3.1. Pentagon 3D

PENTAGON3D finite element analysis software, which is
developed by Emerald Soft P.E. South Korean, enables
users to perform the following tasks:

1. Build computer models of geotechnical structures

2.Apply operating loads or other design performance
conditions

3. Study physical responses, such as deformation level and

stress distributions

The PENTAGON3D program has a comprehensive Graphical
User Interface (GUI) that gives users easy, interactive
access to program functions, commands, documentation, anq
reference material. The users use the GUI for virtually

all—interactive PENT -AGON3D work. The GUI provides an

Chapter 4: Case Study -17 -



interface between users and the PENTAGON3D program,.which
commands drive internally. Each GUI function a series of
picks resulting in an action - ultimate produces one or
more PENTAGON3D commands that the program executes  and
records on the input history file. An intuitive menu
system helps wusers -navigate through the PENTAGON3D
program. The PENTAGON3D program is organized into three

basic levels:

1. PENTMESH
2 . PENPRE
3. PENPOST

The PENTMESH level acts as a gateway into and out of
the PENTAGON3D program. It is also used for certain
global program controls such as build.the model, dinput
and clearing the database, loading or stages, and solve
the FEM data with the main processor, Frontdbx. When
users first enter the program, they are at the PENTMESH
level. At the PENPRE level, the model including data
input from PENTMESH level am verifying. The boundary
condition and the sequence of construction could be
easily checked to fiqd out the errors. The PENPOST is the

level to evaluate the results of a solution.

The program, which is permitted to be used for limited
version only by the developer, is feasible to cope with
700 elements of 8-noded isoparametric hexahedral and 1500
nodes. The program has been gxecuted on PC PENTIUM IV 2400
MHz .

4.3.2. Pentmesh

PENTMESH 1is the preprocess program of PENTAGON3D

system. These provide the full graphical user interface
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to complete the analysis model including the geometry,

the material properties, the boundary condition, loading

and the construction stages etc. The screen of PENTMESH,
is categorized with two groups in the main menus. The one
group in mainly used to form and to display the entities
in the workspace. The entities mean the nodes and the
elements. The elements are composed with the quadratic,

the frame, the truss, and the spring element types.

The menus are: (1) Edit Menu (2) Model ‘Menu (3)
Mode2 Menu (4) Delete/Select Menu (5) Display Menu (6)
Set Menu (7) MeshGen Menu (8) Layer Menu and (9) Misc

Menu. The other menu group is mainly used to do the works
except forming the entities, they are: (1) File Menu (2)
View MenuA(3) FEM Menu and (4) Help Menu.

Bowndsry layer ..

Add Elecnenik Layer ...
2 Change Element Layer ...
{ - Remove Element Layer ...

Add Quad'i Elements
Md Trussz Eléments
add Spnng Elementz

d | FeM Help |
Add Frame?2 Elements ;

Project ID .00 -

" DeSelect Points

Relive Poirts
Add & Point

N, tove aPoint
" ""Sefect Elements {Within Box)

DeSelect Elements

Find flodd) Coordinake -

.CalcResidual Force Layer ...

Analysls Type...

Add Points From 2 Points
Add Polnts From 3Pcints

Prescribed Oisp Layer ...

\. Gravity Foree Laier ...

2dd Points From 3 Paints Arc -  ~Surface Foros f Damper Layer w. . . -

Fb(ntl.oed!ﬂassa‘oanwwer

© * Analysis Contrel ..
¥ Matersl Property ...

Stage Cunfncuratﬁéan

" Vetﬁ' Stags fl.ayer -
Set Work Space Property ...
Mike FEM Data
Analyze by Frontdbx wh reueatron Y

,v ‘ResidualForceta}w. .
Prostress Laver ..

Pan t ponklD
Distance betwesntiopoints  REERRSLEY
Pok L1

Prescribed Head Layer ...
¢ Review Bound Layer ...
L -Point Fhux Layer-...
Serface Flax Layer ...

Temperakure Layer ...

Pentmesh Screen and types of Menu

A short description about the functions of the

various menus following:

1. Edit Menuf The menu for copy and paste the points

and the elements
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2. Model Menu: This menu specifiés the mouse mode to a
- certain mode (or state). Once users choose a mode,
the mode is effective until another mode is
selected. The menu contains: Zoom Mode, Select
Points, Deselect Points, Relive Points, Add Points,
Move Points, Select Elements (Within Box),
Deselect Elements, Pan and Distance between Two

Points

3. Mode2 Menu: This menu specifies the elements used on
the model and generate the meshing on the
geometrical plaﬂe. The menu contains: Add Quad3
Elements, Add Quad4 Elements, Add TrussZ' Elements,
Add Spring Elements, Add Frame2 Elements, Find Nodal
Coordinate, Add Point from 2 Points, Add Point from
3 Points, Add Point from 3 Points Are, Point LO -
Point SO - Point L 1 - Eoint S1, Add Quadé Elements,
Add Quad8 Elements and Moving Line Node

4, Delete/Select Menu: The menu is used to delefe the
points and the elements, which are selected. The
menu contains: Select All Active Points, Select All
Active Elements, Deselect All Points, Deselect All
Elements, Delete Selected Points and Delete Selected

Elements;

5. Display Menu: The display Menu controls the screen
display by the view scaling and the view
translation. With_the various menu lists, users can
choose the preferred view by selecting the viewing
items, refreshing the window, displaying entire
model, displaying the Introduced model, displaying
previous screen scale, and translating the model.

| The menuA contains: Display Toggle, Redraw, Redraw

All, Zoom Out, Pervious View, View Up, View Down,

Chapter 4: Case Study - -20-



View Left, and View Right.

6. Set Menu: The Set . Menu specifies the various
settings for the modeling environment. The menu
contains: Analysis range, Coordinate Resolution,

Entity Toggle, Entity Capacity, Entity Scale, Entity
Color, Print Offset/Scale, Background Color, Save
Time Interval, Options, .Grid Size for Node .
Numbering, and Set Star Number of Entities for Save

Process.

7. MeshGen Menu: In MeshGen Menu, there are sub-menus
to create the finite element geometry. Users can
generate elements and nodes, mirror the mesh, copy
the mesh, and rotate the mesh and so on. The menu
contains: Generate Quad4, Generate Truss2, Generate
Spring, Generate Frame2, Mirror Elements, Add a
Point} Add (Generate) Points, Copy Points, Move a
Point, Move Points, Move Point onto a Circle, Rotate
Points, ‘Rotate ‘Seq. No, 'Change Element Type,
Smoothing, Generate Poil'l[s From Background, Undo,

and Covert to Quad6 Quad8, and Renumber.

8. Layer Menu: in the Layer Menu, the layers are defined
for the 3D mesh. generation and boundary condition/
the construction and loading conditions and so on.

vThe number of input layers for each Layer Menu 1is
limited to 300 and that of sub-layers is limited to
1500. The layer is defined for the selected nodes or
elements. The sub-layer is created when some nodes or
elements are selected. The menu contains: Coordinate
Layer, Boundary 1layer, Add Element layer, Change
Element layer, Remove Element layer, Calc Residual
Force Layer, Prescribed Disp. Layer} Gravity Force

layer, Surface Force layer, Point Load Layer,
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Residual Force Layer, Prestress Layer, Prescribed
Head layer, Review Bound layer, Point Flux layer,

Surface Flux Layer and Temperature layer.

9. Mise Menu: In this menu, users can change the
material number, boundary type, degenerate elements
or ofher function that wused to modify the element
model. The menu - contains: Material No, Mechanical
Boundary, Arc layer, Dégenerated Hexa Layer, Node
Sublayer List, Element Sublayer List, Remove Unused
Sublayér List, Load Function for Time History
Analysis, Ground Motion Function for Ground Motion

‘Analysis and Current Coordinate «— Slice Coordinate.

10. File Menu: The menu used for clears all the database
-of current ‘project from memory, open the file, save
the file or others function, which is connected to,
arranged the file. The menu contains: New, Open,
save, save As, Import, Print, Print Preview, Print

Setup, and Exit.

11. View Menu: In the View Menu, users can set the
toolbar and the status bar to be displayed in the
PENTMESH window, and users can view the model and the
result in 3D in PENPRE and PENPOST respectively. The
PENPRE and the PENPOST are executed by clicking the

"menu then another window will pop-up. The menu
contains: Toolbar, Status Bar, 3-D Preview by . PENPRE,
3D Result by PENPOST, 3-D Preview by PENPHE without
recreation FEM Déta, 3-D Result by PENPOST without

recreation FEM Daﬁa.

12 FEM Menu: This menu used to complete the FEM data
such as analysis control,' material properties 'or

stages configuration. The menu contains: Project 10,
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'Analysis Type, Analysis Control, Materiai Property,
Stage Cohfiguration, Verify Stage/Layer, Set Work
Space Property, save FEM Data, Ahalyze by Frontdbx
with recreation FEM Data and Analyze by Frontdbx

without recreation FEM Data.

Slice on PENTMESH

The real three-dimensional entities (elements and
nodes) are created and specified in Layer Menu. The real
three-dimensional entities are described and prescribed
by combining the two dimensional entities‘ with the
concepts of slices. Here, the two-dimensional entities
are just the ones that view on the PENTMESH workspace

that represents the tWo—dimensional X-Y plane.

And the slice represents the remaining z axis, after
creating the multiple X-Y plane along to the minus (-) =z
axis direction, each X-Y plane is called the Slice. The
slice 0O means the first X-Y plane, the largest =z
coordinate, and the Slice 1 means the second X-Y plane,
the next largest =z coordinate, etc. The sliceé .are
created in the Layer Coordinate Layer Menu, in which the
slices are created with aésigning the 2z coordinate at

each slice.

In view of the node connection, there are three
element forms in PENTMESH workspace, because the element
is combined by linking the nodes. They are: (1) Quad4:
consist of 4 node’s links, (2) Quad8: consist of 8 node’s
links, and (3) frame, truss, spring: consist of 2 node’s
link. Therefore, the elements can be created after nodes

are created.
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Creation of 3D Element that Use 2D Entity

Addition of three-dimensional element in PENTMESH is
accomplished in ‘Layer - Add Element Layer Menu’. The
two—dimensional entity and three-dimensional shape for
each type of added three—dimensidnal elements are the
following. The example below is the case for adding 3D
elements in one slice from 2D entity. If several slices
are selected, 3D elements are added in the each selected
slices. This study creates 3D 9-node solid elements using
20 Quad4 elements. Sélect ‘Slice 3”7 in 1‘Applied Slice’
column in the prior figure, then 3D 8node solid elements

are created between slice 3 and 4.

Degenerate Elements

Users should specify it in ‘Misc - Degenerated Hexa
Layer’ Menu in advance of degenerated elements, then the
dialog box is pop up. Front Slice Surface No. répresents
surface number of divided element part. Front SlicerNo.
represent front element slice number of where the
generate elements exists. When thé generated exist among
Add Element Layer List, ‘Degénerated’ check box should be
check Such'as in box ‘Add Element layer Configuration”.
If the degéneratéd element does not exist in the ‘Applied
Slices’ users shoﬁld'>not- check on the ‘Degenerated’
button, reverSely, but if the generated element exist in
more than one slice among thé selected ‘Applied Slices’,
users should' check on the ‘Degenerated’ button. This
time, the dialog box of ‘Degeherated Hexa’ pops up. In
this dialog box, users should choose the applied position
of added elements. Front position means the eiement that
is surface.cbntact té front. slice. Rear position means

the element that is in corner contact to front slice.

Chapter 4: Case Study T o4-



4.3.3. Penpre & Penpost

PENPRE can be used to check the input data before
being analyzed by the FEA solver, Frontdbx. By using
PENPRE, various input information can be displayed such
as the model evolution along construction stages, the
boundary conditions and the loading conditions. The
graphics of PENPRE 1is programmed by OpenGL, the 3D
graphic library; the model can be rendered with beautiful
color and lights, and also can be cut, rotated, and even
mirrored simply. The screen of PENPRE displays the first
stage of construction. The next step for check of the
sequence of construction, users can select Control - Go
to the Specified Stage Menu to check the stages. Users
can check the element status or material color in this
level according to the stage of construction. For check
of the boundary conditions, users can select Set Display
Entity Menu to see the type of boundary and the

direction.

- C:\Wentagon3DWenpost.exe [:\Seminar 2005\Report\The Pentagon3D\Coba 3D 28102005.1xt
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Fig.4.12. PenPre Screen displays the Boundaries
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PENPOST is the 1level in which users could analysis
the solution from the solver Frovtdbx. In PENPOST, as
users open the input file name, the corresponding post-
processing result file (*.pos) 1is opened automatically.
The role of input file for PEN POST is to provide the
information such as the geometry, the boundary condition,

the loading condition and the save condition.

The role of result file (*.pos) is to provide PENPOST
with the analysis result only. PENPOST can display the
FEA result in texts, contours and vectors. Some items are
displayed in global coordinate systems and other items in

local coordinate system.

. C:\P3dWenpost.exe E:\Seminar 2005\Report\The Pentagon3D\Wnton3\Redeveloped. Ixt
Fle Set Constrant View Control BarView Function Help

S| 2| B daww| (85 28 AR |06+t &lQ| a|@/ieie] 0D E =

PENTAGON-3D Ver. 2004

Solid : Stress _XX
Solid

0.00000

-50.000
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Fig.4.13. PenPost Screen displays the Results Contour

A short description about the functions of the various

menus following:
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1. File Menu: In this menu the FEM data could be opened
and saved. The menu contains: Open, Open Environment,
Save Environment, Save Environment, Save as

Environment and Exit.

2. Set Menu: Users could set the entity related items and
fhe environmental variables, such as rendering light
the object, select color of element, material or
boundary. The menu contains: Information, Display

Entities, Element Status and Font Size.

3. Constraint Menu: This menu is used to restrict the
coordinate and the entity number for specific purpose.

The menu contains: Display range and Display Entity.

4, View Menu: This menu is used for adjusting the screen.
menu for specific object such as zooming, mirror or
rotates the object. The menu contains: Select View,
Set View~Pérameter, Redraw, Previous Zoom, Zoom In,

Rotate U. V, W axis and Mirror.

5. Control Menu: Users can specify the stages that
require to be checked. The meﬁu contains: Next Stage,
Pervious Stage, Go-to Speéified Stage, Next Time/Mode,
and Previous Times/Mode. Start Animation and Stop

Animation.

6. Function Menu: In this menu users can view the Eigen
values; get the results in text format and saVe the
result in the text file. The menu contains: Eigen
Value, Graph, Save the Result History" and Save Image

to File.

4.3.4. Steps in Making the Md_del

PENTAGON3D is the program that uses 20 entities with

Chapter 4: Case Study -27 -



layer to make 3D entities. The following steps are used

in making the model at the PENTMESH level:

1.

2.

10.

1.

12.

Set of the Coordinate Range | | _ \_
input Nodeé with Add a Point Menu

Generate Nodes with Add Point Menu

Create 2D four node quadratic elements

2D node renumbering.

Assign the material number to the 2 elements

Assign the 2D boundary

Set of the material properties for each material

numbering in Finite Element Method-Material Property

~Menu. In this stage the 15 material propertiés for each

material are given in the following order: Young modulus
of eiasticity, Poisson's ratio, Unit weight, Cohesion,
Friction Angle, K0-X, KO0-Y, KO0-Z, n (Ei exponént),Kb
(Bulk number), m (Kb exponent), Pa (the Atmospheric

pressure), Rf (Failure tatio), Ke. (the inodulus number)

~and Kur (the Corresponding modulus number).

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

level.

Set of 3D coordinate from 20 nodes with Coordimlte Layer
Menu. Coordinate Layer Menu used for wusers in making

slice of a 3D model from 2D model.

Degenerate elements such as described at preview

paragraphs.

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

Layer Menu. Add Element Layer connected with the stage
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13.

14.

15.

16.

17.

18.
19.

20.

configuration that is used for determines the sequence

of element was built accordance to the stages.

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

direction.

Add the Dbody force with Grévity Force Layer. All
elements defines in the model should be identified with

the gravity force.

Change material properties due to wetting conditions
with Change Element Layer Menu. Users should determine
the wet elements due to reservoir filling and replace the

material properties according to the condition.

Add the surface pressure with Surface Force lLayer Menu. In
this stage wusers should determine the node which is

connected with the water pressure load.

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

criterion was fixed in this level.
Verify 30 FEM data with PENPRE level
Run solver process, Frontdbx.

Check the result at PENPOST level.

4.3.5. Validation of the Software

User understandings about. the capabilities and accuracy

of the software were verified by reviewing the published dam

studies. Magnitudes and contour of movements and stresses
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during sequential construction stagés and reservoir filling
period were compared between the calculated results and the
published ones. Models performed by‘Singh (1991) and Alicura
model (Botta et al, 1985) wére chosen and reperformed to
verify the software understanding and its capabilities.
Based on the sequential multi-stages of construction and
impounding periods, Nobari and Duncan (1972) models are
taken to incorporate water loads, softening due to wetting
and buoyant force due to reservoir filling. Parabolic
function of relationships between stress and strain in soils
formulated by Duncan and Chang (1970) was adopted, which was

also accommodated by the software.

Three-dimensional Sequential non-linear analysis of 260
meter height rockfill dam was analyzed by Singh (1991) to
work out the effects of valley shapes. The canyon with
valley width factor of 2.25 was chosen to redeveloped and
analyzed. The three-dimensional redeveloped Finite Element

idealisation model is shown in figure below.

Fig.4.14. 3D Finite Element idealization of the dam
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Contours of the calculated settlements at the end of
construction period are shown 1in Figure 4.15 below. The
maximum settlements in upstream shell (vertical no.1l),
central core (vertical no.4) and downstream shell (vertical
no.7) portions are 475 mm, 907 mm and 510 mm respectively.
Compared with the resource values in the same portions, the
settlements are 490 mm, 875 mm and 505 mm with percentage
differences 3%, 3.7% and 1% respectively. Contours of the
horizontal movements are shown in Figure 4.16 below. The
maximum movements in upstream shell (vertical no.l), central
core (vertical no.4) and downstream shell (vertical no.7)
portions are (-) 256 mm, (-) 109 mm and 289 mm respectively.
Compared with the resource values in the same portions, the
movements are 310 mm, 80 mm and 260 mm with percentage
differences 17%, 36% and 11% respectively. Average
differences between calculated and resource values were

about 11% and comparison of the both contours showed good

relations.
PENTAGON-3D Ver 2004 240
[oLLENS) 0 a— =
Solid - Y_Displacement
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Fig.4.15. Calculated settlements contour and curve
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Fig.4.16. Calculated horz.movements contour and curve

Secondly, the software validation is performed by
comparing the calculated behaviour parameters of Alicura dam
(in Argentina) with the established values studied by Botta
et al. (1985). A symmetrical central core earthfill dam with
the maximum height of 130 m is studied during construction
and impounding periods. By using the software, three-
dimensional sequential non-linear analysis is performed on

the redeveloped model as shown in Figure 4.17 below.

Fig.4.17. 3D Finite Element idealization of the dam
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Contour of the calculated settlements at the end of
construction period is shown in Figure 4.18 below. The curve
illustrated maximum settlements in central core and
downstream shell portions are 940 mm and 210 mm
respectively. Compared with the resource values in the same
portions, the settlements are 875 mm and 230 mm with

percentage differences 7.4% and 8.7% respectively.
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r@Toa0_swage - 8
. ! 2
Solid : Y_Displacement /

Solid :
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\\
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Dam Height (m)
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-0.947 L—o—mm-o—uss-ﬂ 1

J

Fig.4.18. Calculated settlements contour and curve

The model accommodated water loads, softening due to
wetting and buoyant force during impounding period
subsequently. Contour of the calculated vertical stresses at
impounding period is shown in Figure 4.19 below, which the
values at somewhat above the foundation, one-fourth dam

height and mid height of the dam are 145.65, 112.5 and 101.7
T/m’ respectively. Compared with the resource values at the

same portions, the stresses are 145, 115 and 85 T/m2 with
percentage differences 0.4%, 2.2% and 19% respectively.
Average differences between calculated and a resource value
was about 7% and comparison of the both contours showed good
relations. Also 1in this period, the maximum calculated

settlement about 629 mm occurred at mid height of upstream
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core surface and the maximum horizontal movements about 547
mm at mid height of downstream shell portion. Both movements
could not be compared directly with the sources results
because of the lack of detail measured or calculated values

registered during this period.
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Fig.4.19. Calculated vertical stresses contour

According to Dboth analyses, the calculated
results were found to be within the permissible
limit (i.e. less than 10%) of the sources values.
It also indicated good agreements for the software

performances.

4.4. MATHEMATICAL MODEL
4.4.1. Dam Section

Djatiluhur dam in Indonesia is 85 m high at its deepest
section. It is 10 m wide and 1,200 m long at the top.
Regarding to the geometrical longitudinal and cross section
of the main dam in figure 4.20 and 4.21 below. The main dam
embankment had an upstream slope of 1:1.35 with horizontal
berms at El1. 100 m and E1. 82.5 m.
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The mesh has ©been developed regarding to the
transversal section of the dam at 100L section which maximum
recorded dam deformation occurred. The dam foundation is
not taken to be rigid and as such, the movements at base
of the dam in ‘both directions are taken to be free.
Geometrical simplifying for the geometrical model also

developed as follow:

CROSS'SECTION :A-A (100.L)

. N nix oA . . PR b 340 A
LY 5 a ¥ soaETI0 aa he e L b fres PR\ BTG wah LAZ ST iy L i T MO At ¥ e 5. i B2
s e I S
S~ X0 SRR EXY |
hr e s
. M e F
£oN !
o) = =

o

IR = : JURERTIUSCORE : e N
G o saneeze SRR L L ]
P s SR e m e o ]
S woeRehre
axs nes 0
o2 no VR BES [ 265 i~ 305 v % 5 mo
) A
v 1]
23 )
Y (+ve) ProIRTR
\
|
oA
£ i e
1| FRNXMALTE- :
> .
X (+ve) E: ( RODOMERY
. OFE . - D:
COFERDWM INFERMO &
£ o AD
3

Figure 4.20. Transversal dam section modeling

In order to develop the geometrical model of
longitudinal section of the dam which represents the two
dimensional -y plane, geometrical simplifying was
developed by <create straight 1line along the entire

foundation ground surface as follow:
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Figure 4.21. Longitudinal dam section modeling.

It can be seen that the dam has been assumed
symmetrical about the centre 1line of the wvalley and,
therefore, only a half of the dam has bee considered in the

analysis.

4.4.2. Mathematical Idealization

Based on the geémetrical models either transversal or
longitudinal section which developed above, the two-
dimensional entities (Mesh) which represents the two
dimensional X-Y plane has been idealized on the PENTMESH
work space of PENTAGON3D software as shown in Figure 4.22
below and the 3-D elements are created using that figure.

The optimum number of 2-D element has been made into 72
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numbers of Quad4 (consist o¢of 4 node’s lihks) elements,
including the numbers of foundation elements that were not
assumed as rigid foundation. To simulate sequential
construction, the dam is assumed to be raised in 7 layers
with the layer thickness as 10 m, 22 m, 17m, 9 m, 9 m, 7 m
and 7.5 m and filled in four stages with water level at 82

m, 91 m, 100m and 107 meter.

Figure 4.22. The idealized Meshing of Dam Model

The real three—dimensionél entities are described and
prescribed by combining the two dimensional entities with
the concepts of slices. And the slice represents the
remaining z axis, after creating the multiple X-Y plane
along to the minus (-) z axis direction, each X¥Y‘plane

is called the slice.

Figure 4.23. The idealized Slicing of Dam Model.
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For this case, number of slices is 7 and started from
0 up to 6, as shown in figure 4.23, according to the half
symmetrical portion of the Longitudinal dam section
modeling. Since the valley is symmetrical in the z-direction
all the nddés on the central section have been assigned zero
movement in that direction. The 3-D elements of dam may not
be more than 500 numbers of elements because of PENTAGON3D
discretization for evaluation version. The optimum number of
element has been made into 432 numbers of 8 nodded brick
elements, which consists of 637 nodes including considered

layer of foundation.

4.4.3. Sign Convention

The fpllowing sign convention has been followed in this
study. The positive x-direction 1is from upstream to
downstream along the river, positive y-direction is from
downward to upward aloﬁg the Height of the dam and positive
z—direction from the abutment to the central section along

the dam axis.
The displacements u and y are positive in the positive
x and y directions respectively. The normal stresses Ox in

the transverse direction and Oy in the vertical direction

are positive if tensile and negative if compressive.

4.4.4. Material Properties

Parabolic function'of relationships between stress and
strain in soils formulated by Duncan and Chang (1970) was

adopted, which was also accommodated by the software.

Limitations or undesirable conditions were identified

dealing with the required material properties such as:
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l.Stresé—strain parameters required for non-linear
analysis were not available, considering that the dam
was already completed in 1965 and known that non-linear
technique was established in early 1970’s and research
on the non-linear properties of soils has not kept pace
with the fast developing ﬁechniques of Finite Element

Method (Domaschuck and Valliapan, 1975).

2. There were no standard laboratory teéts, on large
diameter sample similar to oedometer test performed to
derive the elastic and stress-strain parameters to be
analyzed. On the other hand, the way of derivation the
parameters works well for prediction of movements
during construction because a typical stress path in an
embankment dam during construction during construction
is simulated relatively closely by oedometer testing

(Kovacevic et al. at Winscar Dam, 2002).

To accommodate the undesirable conditions mentioned
above and according to software validated (Para.4.3.5) which
Singh’s and Alicura models of material properties were used,
the analysis were performed by adopting both mentioned
models as model-2 and Mbdel—3. respectively. Another
alternative model also-was developed, which the measurements
during construction provided step-by-step new sets of
properties through back-analysis from observed deformations.
The best fit of this setting were used to predict the
behaviours during impounding (Botta et.al at Alicura Dam,

1985), and named as Model-1.

. The material properties used in Model-1, Model-2 and

Model-3 can be seen in the following tables:
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Table.4.2. Material Properties Model-1 (Modification)

0.65

0.65
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Table.4.3. Material Prope;ties Model-2 (Singh’s Model)
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Table.4.4. Material Properties Model-3 (Alicura’s Model)

" No

EN E (kN/m2) 165,000 53,000
2. ¥ (kN/m3) 245 24.5 23
- S s b
2 ¢ 45 45 6
e e e At
6. | n 0.45 0.45 0.22
70 Kb 4375 4.375 300
~ 8. m 0.75 0.75 0.925

9. | Rf ~0.55 0.55 0.76
- . B o =

Based on the sequential multi-stages of construction

and impounding periods, Nobari and Duncan (1972) models are

taken to incorporate water loads, softening due to wetting

and buoyant force due to reservoir filling.

4.4.5. Analysis Performed

This study was limited to analyze the comparison

between the predicted results and the observed values in

order to evaluate the dam performance. Theoretical

backgrounds (discussed in Chapter 2 and 3) have been applied

to study the comparison.

Central section of Djatiluhﬁr Dam (lOOL—Section) has
been selected to be analyzed, which is in maximum height and

known that occurrences of maximum observed deformations

stated. Three-dimensional incremental non-linear analyses

under static condition were performed by using three models

of material properties (Para.4.4.4). Subsequently,
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discussions on those results  were figured out, while the
best-fit model was selected to be discussed in order - to

predict behaviours and performance of the dam.

Two different periods under different stages were

accommodated in the analysis as follow:

1. End of Construction period.
By simulating sequence of the construction stages to
study effects of incremental constructions of thé dam,
when the dam was assumed to be constructed in seven
lifts (described in Para.4.4.1). Static condition -and
embankment gravity load were applied in the

mathematical model of the dam.

2. End of Reservoir filling period.
Softening, buoyant uplift and water-loading conditions
are incorporated in the model to study effects of the
reservoir filling, when reservoir is assumed to be
filled in four stages (described in Paﬁa.4.4.l). The
" unit weight of the upstream shell under the water is
taken as submerged unit weight while saturated unit
weight for the core is considered. Approximately, the
stress-strain paraméters reduced 10-20% due to
softening, and caﬁ-be obtained from tri-axial test for
dry and wet specimens (Nobari and Duncan, 1971, and
Dibiagio et al., 1982). Free-drained materials for
shell and filter zone are assumed, therefore, water
pressure 1is assumed to act as edge load on the upstream

sloping face of the core.

While studying on comparison of both mentioned

conditions, the following factors are studied:
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1.Verticél and horizontal deformations.
Predicted contours of deformations within the section
will be discussed. Maximum magnitude, direction and its
variations will be explained in detail.'Subsequently,
at the same locations the predicted magnitudes being

compared with observed ones.

2. Major and minor principal stresses.
Predicted contours of st:esses-Within the section will

"be discussed. Maximum magnitude, direction and its

variations will be explained in detail.

3. Load transfer between core and shell.
This load transfer can be evaluated by comparing the
computed values of the major principle stress in the
core and the core overburden pressure at any given
depth below the crest. The ratio less than ohe indicate
load transfer from core to shell, while the ratios

greater than 1.0 indicate load transfer from the shell

on the core.

4. Hydraulic fracturing susceptibility.
In this matter, predicted contour of total vertical
stresses within the core Z2zone will Dbe studied . to
predict occurrence of h&éraulic fracturing. Hydraulic
fracturing or the formation of hydraulically induced
cracks in the core can occur when the water pressure at
~a given depth (ol) exceed the total vertical stress at

the same depth (Kulhawy et al., 1976).

5. Potential cracks susceptibility.
Predicted 3-dimensional contours of deformations within
the section will be discﬁssed. Significant differences
of deformations within adjacent- zones either 1in

longitudinal or transversal directions should be
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identified to predict occurrence of embankment cracks,

. moreover, evidence of longitudinal cracks appear at the
dam crest probably due in part of the developed tensile
stress (Sherard, 1963).

6. Potential plastifiction zone identificatioﬁ.
_Study on comparison 'between predicted and observed
deformations is performed to -identify potential
material plastification developed within core =zone.
When observed settlement increments stated beyond the
normal, it could be an indication of plastification of’
the materials in the =zone indicated which. A
deformation of horizontal extension in a direction
parallel to the river causes a reduction in the
horizontal confining stress, to a degree that the
material plastifies (Albero et.al, 1982, at Chicoasen

dam) .

7;Secondary consolidation due to several factors such as
dissipation of. pore water pressure under a constant
embankment load, settlement due to infiltration during

reservoir filling and creep.
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CHAFPTER &

RESULTS
and DISCUSSION

5.1. GENERAL

Three dimensional incremental non-linear analyses under
static condition have been performed on central section of
Djatiluhur Dam ‘- (100L-section), by» using three models of
material properties and two different periods under

different stages (Para.4.4.4 and 4.4.5).

Presentations and discussions on those results are
figured out in this chapter. Subsequently, discussions on
comparison between the results and the observed behaviours
have been prepared, ‘while the best-fit model hash been
selected and verified to be discussed in order to predict

behaviours and performance of the dam.

5.2.- PRESENTATION OF THE OBESREVED DATA

‘The observed behaviours 'data were taken from weekly
monitoring and measurement of the Djatiluhur Dam. The
standard benchmarking technique is used for the deformation
data acquisitions. Triagonal benchmarking of main and
secondary benchmarks are obtained by using standard leveling

instrumentations.

- During construction and impounding, only. surface
markers installed as measurement devices and there were no
internal instruments installed in the dam body to observe

the deformations till 1989. Therefore, internal behaviour
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parameters within the dam (particularly on the core portion)
could not be measured. Figure 5.1 and Table 5.1 below show
the location of the surface markers installed on the

upstream and downstream slope of 100L section of the dam.

o

Figure 5.1. Location of surface markers

| T e I ST O A
[ Level(m) | 1145 [ 100 | 8 [ 1145 [ 100 [ 82 | &5
§ Location ’ Upstream ; Downstream

Table 5.1. Location and level Identifications of surface
markers.

Based on the introductions of the Djatiluhur dam in
Para 4.2, several considerable conditions of the dam should
be noticed for the discussion on dam performance in this

chapter. These are detailed as below:

1. The selected value of frictidn. angle (¢ = 19°) for
design parameter of clay is above the best fitting line
of obtained tri-axial values (¢ = 16.9°). This assumed

strength parameter is potentially resulting in over-

estimated performance of the dam.

2. Compared with general slopes of the constructed
rockfill dam in the world, Djatiluhur dam with 1v:1.35H
slopes could be considered as a dam with steep slopes.

In slope stability point of view, the failure circles
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of steep slopes potentially develop through the
inclined core zone, and subsequently induce the

significant settlement of the mentioned zone.

3. The zone D of thé dam wés built in lifts of 5 to 10
meters by dumping and sluicing. This technique was
known and applied in the earlier period (1940-1965) of
rockfill dam construction. Based on the problem of
compressibility of dumped rockfill, the different
techniques were applied during modern period '(post—
1965) such as widespread use of well-graded, compacted
rockfill and placing in layefs of limited thickness in
different zones. Layered placement of rockfill and clay
material is recommended, followed Dby compaction
normally done with vibratory roller (rockfill) and

‘static roller (clay/soil). For compacted rockfill, it
is usually less than 2 m, often 1 m or less. For
clay/soil, it is usually in 15 cm compacted layers with
sheepsfoot ‘roller and 22.5 cm with the 50-ton rubber-
tired roller. This practice suffers much smallef

settlements than dumped rockfill.

4. The availability of undesired clay materials (high=-
plasticity clay) might  be used without proper pre-
constructed treatments for the materials, potentially
initiated unstable behaviours of the dam. In a few dams
-the embankment sfrength .has also been controlled by
limiting the plasticity of the fines to predetermined
maximum values. High plasticity clay from the borrow
pit should‘be blended with well-graded materials.(Pre—
process) in order to minimize the danger of embankment
crackihg during construction and also to increaée the

~compressive strength of the clay. Optimum moisture

content (optimum water content that results optimum

Chapter 5. Resuits and Discussion ' -3-



densities) of compacted-impervious embankment material
is controlled to be achiéved in order to optimize the

strength of the materials.

5. It is known from Figure 4.7 that the constructed grout
curtain has not gone below the claystone. The figure
also ‘illustrates the depths of the curtain, which are
only 30 - 35 meters depth below the dam base downward
through the sandstone layer. According to 75 m pressure
head of the dam at FRL, the curtain depths are 35% -
40% of the pressure head. Otherwise} the general
curtain depth for embankment dams is greater than 70 %
of the pressure head. It also potentially initiated

unstable behaviours of the dam.

Such type of conditions mentioned above .predictably
affected performance of the dam and most of those could not
be reflected in the analytical model in this study.
Therefore, it could be noticed that, if the disagreements
between observed and calculated behaviours are found,

predictably affected by those types of conditions.

5.2.1. Dam Behaviour and Performance During Construction Period

Magnitudés of deformations recorded by the surface
markers on both upstream and downstream slopes at various
levels during construction are presented and discussed in

the following paras.

1.In Januéry 1965, when the embankment construction surface
reached El. 103 m, about 11.5 mefers below the crest, a
longitudinal crack appeared along the joint between the
core and the downstream fine filter. It first appeared
near the midpoint of the dam axis and then extended

rapidly in both directions, reaching a 'tdtal length of
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more than 500 meters, or half the length of the dam.-A few
water tests in boreholes gave no evidence of cracks in the
core. The presence of cracks could be initiated by several
factors such as developed differential construction
: movements, presence of tensile =zones and presence of
transition filters layers and banking on the gquality and
thickness of the layers (Sherard, 1963). It is also
considered that in case of sloping core, tensile stresses
were developed in a small region near the top (Saini et
al., 1968). Most factors can be verified by observing the
predicted deformations and stresses according to such

levels of construction.

2. Soon after construction was completed in August 1965, a
longitudinal crack approximately 300 meters long appeared
on the crest in the central portion of the dam. The
maximum width of the crack ranged generally from 1.0 to
1.5 dinch. It can also be verified by observing the
predicted deformations and stresses at the end of

construction period.

3. Figure 5.2 shows settlements along the various heights of
the dam recorded by upstream slope markers and the

adjacent table lists the magnitudes.

Settlements at Upstream

Slope Surface - Marker Level Height i| Settlements
Lm0 No. (em § m | (mm)

. E 704 2 114.5 815 | -44
T~ % 4 100 | 67 | 267
A X ; 6 82 | 49 332
! L\
' T ¥
| 10
i R, Figure 5.2.

-300  -200  -100 o Upstream slope settlements along

Settlement (mm)

the various heights of the dam
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The figure shows that the maximum settlements on the
upstream slope occurred at-about three-forth of the dam
‘height, stated by marker no.4 with the magnitude of 267
mm. The settlement of the upstream shell which rests on
inclined core portion will depends on settlement of the
core. And nbrmally,‘thé settlement within core portion is
higher than outer zones due to high compreséibility of the
clay core. The predicted settlements will be studied to

verify these observable facts.

4, Figure 5.3 shows settlements along the various heights of
the dam recorded by downstream slope markers and the

adjacent table lists the magnitudes.

Settlements at Dow nstream Marker || Level | Height | Settlements
Shell Surface :
: i : No. | (Fm) | (m) (mm) i
f %80 1 1 | 1145 | 815 -44
' ' _ 3 100 ¢ 67 | -238
i { 501 § 5 82 49 | -110
i '\ 40 - = = ‘
| ; 5 7 65 | 32 || -332
! T j —
2
oy
; ; o - Figure 5.3.
-300  -200  -100 0 . Downstream slope settlements along
Settlement (mm) the various heights of the dam

The figure shows the maximum settlements on the downstream
slope also occurred at about three-forth of the dam
height, stated by marker no.3 with the magnitude of 238
mm. Comparing with the upstream slope settléments, it can
be identified that on the same slope level, large
settlements were stated whereas the upstream settlements
is higher than stated downstream. The  predicted

settlements will also be studied. .
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5. Figure 5.4 shows horizontal deformations at the end of
construction along the various heights of the dam recorded
by downstream slope markers and the adjacent tablevlists
the magnitudes. Extraordinary horizontal movements
observed at the downstream edge of the dam were
undoubtedly the matter of serious concern. 559 mm of
deformation are recorded at about three-forth of the dam

height, indicated by marker no.3.

o T e e | Marker || Level | Height || Settlements
e I No.. (+ m) (m) | (mm)
:ﬁ ~— ! 1 1145 || 815 12
0 | I T 1 3 100 67 559
B0 {g—""1 1 1 )% :
BRI 5 82 | 49 37
wf L0 LR T T [ [ | W
I EEEREE
o} S -

0 100 200 300 400 500 600 Figure 5.4.

Settlement (mm) Downstream slope horizontal

deformations along the various
heights of the dam

In normal cases the horizontal movement is always less
than the vertical settlement but in case of Jatiluhur Dam
horizontal movements are ébout three times larger than the
settlement values. This is an indication to the structural
stability problem of the dam. Horizontal 'movements can -
develop cfacks in clay core and endanger its role as water
barrier. On the other hand, comparing and observing the
predicted contour of deformations should verify accuracy
of the observed data particularly in marker no.3.
Discussion of the <comparison between observed and
predicted behaviours is made out in Para 5.4 of this

Chapter.
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5.2.2. Dam Behaviour and Performance During First Reservoir Filling

Magnitudes of deformations recorded by the surface
markers on both upstream and downstream élopes at wvarious
levels during first reserﬁoir filling are presented and

discussed in the following points below.

1. In February 1966 (Impounding reached 1level 80-82 m)
numerous horizontal cracks were observed in the upper
portion of the core between 0 and 10 meter depths. Thé
presence of cracks could be initiated by several factors

as follows:

v Presence of differential construction movements,
tensile zones and transition filters layers and
depending on the quality and thickness of the layers

during construction period (Introduction of Para 5.2).

v’ Extraordinary horizontal movements observed at the
downstream edge of the dam after end of dam
construction. It could gradually initiate horizontal

cracks within the core zone.

Presence of differential movements and tenSile zones can
be verified by the predicted magnitudes of settlements
obtained from analysis according at corresponding level of

impounding.

2. Between October 1965 and June 1966 (Impounding reached
level 100-103 m) the upstream edge of the crest settled
about 50 cm with respect to theidowﬁstream edge thereby

indicating the possibility of various phenomenon, namely:

v Unseen internal cracks might have developed in the core
due to presence of differential movements and tensile

Zones.

v Hydraulic fracturing susceptibility. It can occur when

Chapter 5. Results and Discussion -8-



the water pressure at a given depth (o3) exceed the
total vertical stress at the same depth (Kulhawy et
al., 1976). Hydraulic fracturing iﬁduced cracks in the
core then resulted in settling in top zone. In this
case, predicted contour from the results of analysis of
total vertical stresses within the core zone will be

studied to confirm the occurrence.

3. Figure 5.5 shows settlements at the end of first reservoir
filling along the various heights of the dam recorded by

upstream slope markers and the adjacent table lists the

magnitudes.
Settlements at Upstream Marker Level Height | Settlements
Shell Surface on
! I No. | (+m) (m) (mm)
O 2 1145 [ 815 728
I i ¢ 70 ] ..
' . ' 4 100 67 -1195
o~ Y€ :
| ! ~s0g! S, 6 82 49 -33.2
| | | T o
| | | &
| | I <
E E E 10 Figure 5.5. .
; ; Y | Upstream slope settlements along
1200 -900 600 300 © the wvarious heights of the dam at
Settlement (mm) ) the EoRF

The figure shows that maximum settlements on the upstream
slope occurs at about three-forth of the dam height,

initiated by marker no.4 with the magnitude being 1195 mm.

It is known that during reservoir filling, the presehce of
water create water load on the core and -foundation,
softening and weakening of the shell material on wetting,
and buoyant uplift forces in the upstream shell. Stresses
in wetted pbrtion of dam shell significantly change due to

buoyancy and presence of water load. Meanwhile, softening
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of shell materials due to wetting results strength loss
and compression of ﬁpstream shell material. This resulted
in additional settlements within the upstream éhell of the
dam body ' (Nobari and Duncan, 1971, and Dibiagio et al.,
1982).

Good rigidity at the mid-height of upstream slope was
observed at marker mno.6. It could be affected by the

construction of the concrete tower.

4. Figure 5.6 shows settlements along the various heights of
the dam recorded by downstream slope markers and the

adjacent table lists the magnitudes.

Figure 5.6.
Downstream slope settlements along

-800 -600 400 -200 0| the various heights of the dam at
Settlement (mm) - the EoORF

Settlements at Downstream Marker Level Height ;|- Settlements -
Shell Surface

: : —80 No. (+m) . (m) (mm)
E : ~® 80 ° 1 1145 | 815 -148
S 3 | 100 | 67 773
! : N o 5 82 49 -396
! = .. I R AR
1 1 1 [} A :
: | | 40<E 7 65 32 -154
T i | B
i | . Q

The figure shows that a maximum settlement on the
downstréanl slope also occurs at three-forth of the dam
height, shown by marker no.3 with the magnitude of 773 mm.
It may be noticed that the settlement increments stated on
~ both slopes are very large. It may be attributed to the
mode of construction of shells. The upstream_‘value is
higher than the downstream value due to presence of

reservoir water.
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It is known that when observed settlement increments are
exceptionally larger then the normal, it could be an

indication of plastification of the materials in the zone.

5. Figure 5.7 shows horizontal deformations at the end of
reservoir filling along the various heights of the dam
.recorded by downstream slope markers and the adjacent

table lists the magnitudes.

HorzMovements at Marker Level | Height || Settlements |
Downstream Shell Surface g i ;
R No. (+Fm) & (m) (mm)
el B N 1 1145 [ 815 | 468
L 3 iy 100 67 1400
e I N = =
o] 7 1|3 5 82 29 || 298
! ! 1 1 % ) ;
40 1 ; E 5 i £ 7 65 32 87
ol ©oLE T
10 - oo E : Figure 5.7. :
0 ! ! ! ! Downstream slope horizontal
0 300 600 900 1200 1500 | deformations along the various
Settiement (mm) heights of the dam at the EoRF

Extraordinary horizontal movements were continuously
observed at the downstream edge of the dam given by marker
no.3. 1400 mm of deformation towards downstream 1is
recorded at three-forth of the dam height. This fact also
shows indication of plastification of the materials in the
zone indicated. A deformation of horizontal extension in a
direction parallel to the river causes a reduction'in thé
horizontal confining‘stress, to a degree that the material
plastifies (Albero et.al, 1982, at Chicoésen dam).
Therefore, a comparative increments of deformations among
similar dams in the world is given in Para 5.5.2 (point 7)
of this chapter, in order to investigate accuracy and

range of those observable facts.
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5.3. PRESENTATION OF THE ANALYTICAL RESULTS

5.3.1. Material Properties Model-1

By using material properties model-1, contours and
magnitudes of deformations given by the software are

presented and discussed below.

1. Figure 5.8 shows the contour of the settlements at the end
of construction period. It can be seen that the maximum
settlements occurs at two-third of the dam height within
the core zone, with the value at 501 mm. On an average,
settlements within the upstream shell are little higher
than the downstream shell. The contour also shows the
magnitudes of the settlements on the upstream and
downstream slope surface, wherein the maximum settlements
occurs at the three-forth of the dam height. It should be
noticed that the constructed berms on the both slope

affected the contours.

| Solid - Y_Displacement
Solid -
0.0000
-0.017
-0.053
-0.089
0125
-0.161
-0.197
. -0.232
-0.268
-0.304
-0.340
-0.376
0.412

-0.448
-0.483
-0.501

Figure 5.8. Contours of Model-1 settlements at the end
of construction

2. Figure 5.9 gives the contour of the horizontal deformation
at the end of construction. It can be seen that the
upstream and downstream shells moved in opposite

directions. Downstream shell totally moved towards
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downstream with the maximum magnitude at two-third of the
dam height being around 130 mm. Most of upstream shell
moves towards upstream except in top portion that moves
towards downstream. The maximum magnitude obtained at one-
third of the dam height with the value being around 120

mm.

Solid : X_Displacement
Solid :
01278
01187
0.1004
0.0821
0.0639
0.0456
0.0273
0.0090
-0.009
-0.027
-0.045
-0.063

i -0.082
-0.100
-0.118
-0127

Figure 5.9. Contours of Model-1 horizontal deformations
at the end of construction

3. Figure 5.10 shows the contour of the settlements at the
end of first reservoir filling period. It can be seen that
the maximum settlements appears at mid-height of the dam
within the core zone with the value being 540 mm.
Comparing with the contour at the end of construction,
settlements at the end of reservoir filling within the
upstream shell and core zone generally increased. These
increments and differences are caused by effects of the
presence of reservoir water such as load on core, the
softening of the submerged materials and buoyant uplift
forces in the upstream shell. Particularly, increments of
the settlements within the upstream shell indicated that
the water load and softening of material are predominant

over the buoyant uplift.
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Solid : Y_Displacement
Solid :
0.0553
0.0341
-0.008
-0.050
-0.093
-0.135
-0.178
-0.220
-0.263
-0.305
-0.348
-0.390
-0.433

-0.475
-0.518
-0.539

Figure 5.10. Contours of Model-1 settlements at the end of
reservoir filling

'

4. Figure 3 s L3 shows the contour of the horizontal
deformation at the end of reservoir filling. It can be
seen that the movements are in the downstream direction
throughout most of the dam, with exception at the toe of
the upstream slope. The maximum magnitude stated at two-
third of the dam height with the deformation at 629 mm.
However, the maximum incremental magnitude stated at the
mid-height of the dam with the deformation being around
680 mm. Therefore, it can be concluded that the reservoir
water imposed a significantly loading on inclined core

resulting in deformation towards downstream.

Solid : X_Displacement
Solid :
0.6291
0.6060
0.5597
05134
0.4672
0.4209
0.3746
0.3283
0.2821
0.2358
0.1895
0.1432
0.0969

0.0507
0.0044
-0.018

Figure 5.11. Contours of Model-1 horizontal deformations
at the end of reservoir filling
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5.3.2. Material Properties Model-2

By using material properties model-2, contours and
magnitudes of deformations obtained by the software are

presented and discussed below.

1. Figure 5.12 shows the contour of the Model-2 settlements
at the end of construction period. It can be seen that the
maximum settlements appears at mid-height of the dam
within the core zone with the wvalue at 147 mm. On an
average, settlements within the upstream shell are also
little higher than the downstream shell and it was surely
caused by the inclination of the core. Typical with Model-
1, the maximum settlements on the upstream and downstream
slope surface are illustrated at the three-forth of the
dam height. It also confirmed that the constructed berms
on the both slope affected the contours. By comparing with
the Model-1, magnitudes of settlements of Model-2 are
lesser than those with Model-1. It can be concluded that
material properties adopted in Model-2 gives smaller

settlements value.

Solid : Y_Displacement
Solid :
0.0000
-0.005
-0.015
-0.026
-0.036
-0.047
-0.058
-0.068
-0.079
-0.089
-0.100
-0.110
0121

-0.131
-0.142
-0.147

Figure 5.12. Contours of Model-2 settlements at the end
of construction
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2. Figure 5.13 shows the contour of the Model-2 horizontal
deformation at the end of construction. It can be seen
that the upstream and downstream shells moved in opposite
direction. Downstream shell totally moved towards
downstream and the maximum magnitude is observed at mid-
height of the dam with the value around 39 mm. Most of
upstream shell moved towards upstream except in top
portion that slightly moved towards downstream. The
maximum magnitude is observed at mid-height of the dam
with the wvalue around 42 mm. In this model as well,
inclination of the core still resulted 1in change of
deformation direction within the wupstream shell. By
comparing with the Model-1, magnitudes of horizontal
deformations of Model-2 are also lesser than those of
Model-1. It is concluded that material properties adopted
in Model-2 gives lesser horizontal movements as compared

with Model-1.

Solid : X_Displacement
Solid :
0.0386
0.0357
0.0299
0.0241
0.0183
0.0125
0.0067
l 0.0009
-0.004
-0.010
-0.016
-0.022
-0.027

-0.033
-0.039
-0.042

Figure 5.13. Contours of Model-2 horizontal deformations
at the end of construction
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3. Figure 5.14 shows the contour of the Model-2 settlements
at the end of first reservoir filling period. It can be
seen that the maximum settlement appears at one-third of
the dam height within the core zone with the value at 164

mm.

Solid : Y_Displacement
Solid :
0.0060
-0.000
-0.012
-0.024
-0.036
-0.048
-0.060
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-0.085
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-0.108
-0121
-0.133

-0.145
-0.158
-0.164

Figure 5.14. Contours of Model-2 settlements at the end of
reservoir filling

Comparing with the contour at the end of construction,
settlements at the end of reservoir filling within the
upstream shell and core zone are generally more. These
increments and differences are also caused by effects of
the presence of reservoir water. Increments of the
settlements within the upstream shell indicated phenomena
that the water load and softened material are dominating

over the buoyant uplift.

4. Figure 5.15 shows the contour of the Model-2 horizontal
deformation at the end of reservoir filling. As compared
with the Model-1, the trends of deformations are typical.
The maximum magnitude is observed at top zone of the dam
with the deformation at 164 mm. However, the maximum
incremental magnitude is observed at the mid-height of the
dam with the deformation around 170 mm. It still shows

that material properties adopted in Model-2 gives lesser
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deformations as compared with the Model-1.

Solid : X_Displacement
Solid :
0.1639
0.1574
01444
01314
01184
0.1054
0.0924
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0.0664
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0.0275
0.0145

0.0015
-0.01
-0.017

Figure 5.15. Contours of Model-2 horizontal deformations
at the end of reservoir filling

5.3.3. Material Properties Model-3

By using material properties model-3, contours and
magnitudes of deformations obtained by the software are

presented and discussed below.

1. Figure 5.16 shows the contour of the Model-3 settlements
at the end of construction period. It can be seen that the
maximum settlements occurs at two-third height of the dam
with the value is 627 mm. It should be noticed that the
contour shows the maximum settlements occurs in the
downstream filter =zone, whereas generally in case of
inclined core, the maximum settlements is observed within
core zone as an effect of core inclination. Generally, the

trends of slopes settlements typical with Model-1 and
Model-2.
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Solid :
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Figure 5.16. Contours of Model-3 settlements at the end
of construction

By comparing with the Model-1 and Model-2, magnitude of
internal settlements during construction period of Model-3

is the highest.

2. Figure 5.17 shows the contour of the Model-3 horizontal
deformation at the end of construction. The trends of
deformations are typical with the Model-1 and Model-2.
Downstream shell moved towards downstream and the maximum
magnitude is observed at two-third height of the dam with
the value around 133 mm. However, the top zone below the
crest slightly moved towards upstream. Most of upstream
shell moved towards upstream except in top portion that
slightly moved towards downstream. The maximum magnitude
is observed at mid-height of the dam with the value around
111 mm. By comparing with the Model-1, magnitudes of
horizontal deformations of Model-3 are almost same but

higher then the Model-2.
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Figure 5.17. Contours of Model-3 horizontal deformations
at the end of construction

3. Figure 5.18 shows the contour of the Model-3 settlements
at the end of first reservoir filling period. The maximum
settlement that occurs at two-third of the dam height

within the downstream filter zone at 698 mm.
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Figure 5.18. Contours of Model-3 settlements at the end of
reservoir filling

It should be noticed that the contour shows the internal
maximum settlements occurs in the downstream filter =zone,
whereas generally in case of inclined core, the maximum
settlements 1is observed within either core zone or

upstream shell as the submerged zones. Comparing with the
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contour at the end of construction, settlements at the end
of reservoir filling within the upstream shell and core
zone are generally more and also caused by the same
effects and phenomena of the presence of reservoir water.
Magnitudes of maximum internal settlements of Model-3
during first reservoir filling are also the highest among

the Models.

4. Figure 5.19 shows the contour of the Model-3 horizontal
deformation at the end of reservoir filling. The movements
are in the downstream direction throughout most of the
dam, with exception of the toe of the upstream slope that
38 mm moved towards upstream. The maximum magnitude is
observed at two-third height of the dam within downstream
shell with the deformation at 328 mm. Therefore, it can be
predicted that the reservoir water imposed a significantly
loading on inclined core resulting considerable
deformation towards downstream direction in the downstream
shell of the dam. However, this maximum deformation still
lesser than the deformation of Model-1, confirmed that
Model-3 is more stable to retain effects of reservoir

water than Model-1.
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Figure 5.19. Contours of Model-3 horizontal deformations
at the end of reservoir filling
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5.4. DISCUSSION ON COMPARISSON BETWEEN OBSERVED AND
CALCULATED SLOPES BEHAVIORS

5.4.1. Comparison During Construction Period

1. Figure 5.20 shows comparison of upstream slope settlements
among the observed data, and analytical values with Model-
1, Model-2 and model-3. The

Settlements at Upstream

Shell Surface settlements are plotted

along the heights of the dam

Q0
along the upstream slope

where markers are installed.
Table 5.2 tabulates the

comparative magnitudes.

Dam Height (m)

‘1 T T 9
| .300 -200  -100 0 Figure 5.20
! Settlement (mm)

Comparison of upstream slope

| —o—Obslile'r_vzed —'—Wde"””; settlements along the height of
| i o ¥

[ - the dam
Marker Level  Heighl | G_ricricle  Setlements  Setioments  Settemerts
(mm) (mm) (mm) (mm)
2 1145 815 44 -89 2 =
4 100 67 -267 -276 -75 -191
6 82 49 -33.2 -96 32 -

Table 5.2. Comparative magnitudes of wupstream slope
settlements

It is seen from the figure for all the cases maximum
settlements on the upstream slope surface occurred at the
three-forth of the dam height. Magnitudes of settlements
of Model-1 (Modification) are the maximum and it can be

concluded that material properties adopted in Model-1
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resulted in comparable deformation of the dam.

2. Figure Dl shows

comparison of

downstream slope

settlements among the observed data and analytical values

Séttlements at |
Downstream Shell Surgsg

Dam Height (m)

=]

| 2300 -200 -100 0

with Model-1, Model-2 and
model-3. The settlements are
plotted along height of the

dam along the downstream

slope where markers are
installed. Table B |
tabulates the comparative

magnitudes.

Figure 5.21

Settlement (mm) Comparison of downstream slope
! o— Observed =— Model-1 settlements along the height of
|~ Model-2 —— Model-3 the dam
. Observed Model-1 Model-2 Model-3
Marker || Level | Height Settlements Settlements = Settlements = Settlements
No. (+m) (m)
(mm) (mm) (mm) (mm)
1 1145 815 -44 -89 -39 -95
3 100 67 -238 -268 -64 -249
5 82 49 -110 -96 -28 -63
7 65 K. ¥4 -33.2 -56 -10 -32

Table 5.3. Comparative magnitudes of downstream slope

settlements

The figure shows the maximum settlements on the downstream

slope also occurs

indicated by marker

at three-forth

no.3.

of the
And still

dam height,

magnitudes of

settlements of Model-1 are the maximum whereas settlements

of Model-2 are found smallest. However, Model-1 has good

similarity as compared with the observed values.
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3. Figure 5.22 shows comparison of downstream slope
horizontal deformations among the observed data, and

analytical values with Model-1, Model-2 and model-3. The

HorzMovements at deformations are plotted

Downstream Shell Surface along the height of the dam

along the downstream slope
where markers are installed.
Table 5.4 tabulates the

comparative magnitudes.

N8E333388
Dam Height (m)

0 e — Figure 5.22
0 100 200 300 400 500 600 .
Settlement (mm) Comparison of downstream slope
- horizontal deformations along

[ —e—Observed  —@—Model-1 )
| Ca—Model?  —e—Modet3 the height of the dam

Observed Model-1 Model-2 Model-3
Marker Level Height Horizontal Horizontal Horizontal Horizontal
No. (+m) (m) deformation deformation deformation deformation
(mm) (mm) (mm) (mm)
1 1145 815 12 19 7 3
3 100 67 559 88 21 16
5 82 49 37 93 30 91
7 65 32 18 65 27 58

Table 5.4. Comparative magnitudes of downstream slope
horizontal deformations

Unusually large horizontal movement 1is observed at the
downstream edge of the dam with 559 mm of deformation
recorded at three-forth of the dam height by marker no.3.
In normal cases the horizontal movement is generally less
than the vertical settlement as shown by the values of

three Models as well.
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In case of Djatiluhur Dam horizontal movements are about
three times larger than the settlement values. This is an
indication of the structural stability problem of the dam
especially for the core. No plausible explanation for
larger horizontal movement at one elevation is possible.
Hence, accuracy of the observed data in marker no.3 is
suggested to be verified by fresh calibrated performance

of the installed marker.

Although calculated results from those Models show
significant differences when compared with the observed
values, Model-1 can be chosen on the basis of comparison
of vertical settlements in order to predict performance of

the dam during construction period.

5.4.2. Comparison During Reservoir Filling

1. Figure 5.23 shows comparison of upstream slope settlements
at the end of reservoir filling among the observed data
and analytical values with Model-1, Model-2 and model-3.

The settlements are plotted

Settlements at Upstream .
Shell Surface along the heights of the dam
| ‘ where the upstream slope
markers installed. Table 5.5
tabulates the comparative
magnitudes.
i ! . 9 Figure 5.23
-1200 -ggbw-&mtmﬁfo 0 Comparison of upstream slope

o — Moder1 settlements (EoRF) along heights

st Model-2 —a— Model-3 of the dam
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Marker Level | H?r'r?)ht Settiements ngtclfrilelts Seftiements || Settiements
rm) | (mm) (mm) || (mm) (mm)
2 [1145 | 815 [ 72 | B0 | -0 || 74
e e e
e o e

Table 5.5. Comparative magnitudes of upstream slope
settlements at the end of reservoir filling

The figure shows the observed maximum settlements on the
upstream slope occurrs at three-forth of the dam height,
recorded by marker no.4 with the magnitude at 1195 mm. It
is found fhat observed settlement increments areA much
larger than the normally expected wvalues. Settlements at
the end of filling are about four times larger than the
settlement values at the end of construction, an unusually

high wvalue.

Comparing with the calculated results, the observed data
is extremely large. The largest calculated value is given
by Model-1 with the'settlement of 328 mm, which is 30% of
the observed value. It can be primarily attributed to the
softening effects of submerged zone which and decreases

the material strength.

2. Figure 5.24 shows  comparison of downstream slope
settlements at' the end of reservoir filling among the
observed data and analytical wvalues with Model-1, Model-2
and model-3. The settlements are plotted along the height
of the dam where the downstream slope markers are

installed. Table 5.6 tabulates the comparative magnitudes{
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Sefllements at Downsaam The figure shows the observed

Shell Surface maximum settlements on the

Q0

a4

downstream slope also occurr

at three-forth of the dam

height, stated by marker no.3
with the magnitude of 773 mm.

Dam Height (m)

a
o

-800 -Gogetﬂé’:g(’)n(m’-g)oo 0 Comparison of downstream slope

r— o e—— = Moder1 | sSettlements (EoRF) along
e Model-2 —g— Model-3 height of the dam

Figure 5.24

Marker Level Height Observed Model-1 Model-2 Model-3

No. (+m) (m) Settlements Settlements Settlements = Settlements
(mm) (mm) (mm) (mm)
1 1145 815 -148 -28 -19 -49
3 100 67 -773 -340 -78 -224
5 82 49 -396 -112 -25 -74
7 65 32 -154 -74 -17 -24

Table 5.6. Comparative magnitudes of downstream slope
settlements at the end of reservoir filling

Tt is also found that observed settlement increments are
larger than the normal. Settlements at the end of
reservoir filling are about three times larger than the
settlement values at the end of construction. It could be
confirmed that similar observable behaviours
simultaneously occurred on both slopes of the dam at the

same level.
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Disagreement between observed and calculated magnitudes is

also found. The largest calculated results is also given

by Model-1 with the settlement is 340 mm, which is 50% of

the observed value.

3. Figure Dt shows comparison of downstream slope

horizontal deformations at the end of reservoir filling

; HorzMovements at
Downstream Shell Surface

Dam Height (m)

0 300 600 900 1200 1500
Settlement (mm)

among the observed values,
and the analytical values
with Model-1, Model-2 and
model-3. The deformations are
plotted along the height of
the dam where the downstream
slope markers are installed.
Table 5.7 tabulates the

comparative magnitudes.

Figure 5.25

Comparison of downstream slope
horizontal deformations (EoRF)
along the height of the dam

. Observed Model-1 Model-2 Model-3
M;rker Level | Height Settlements Settlements Settlements Settlements
0. (+ m) (m)
(mm) (mm) (mm) (mm)

1 1145 815 468 536 152 167

3 100 67 1400 576 172 183

5 82 49 298 189 57 125

F g 65 32 87 73 30 71

Table 5.7. Comparative magnitudes of downstream slope

horizontal

deformations at the end of

reservoir filling
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The figure shows that the maximum observed horizontal
deformation on the downstream slope also occurs at three-
" forth of the dam height, stated by marker no.3 with the
magnitude of 1400 mm. The largest calculated results 1is
also given by Model-1 with the settlement is 576 mm, which

is 40% of the observed value.

The comparison of observed and calculated vertical
settlements and horizontal settlements in both cases of

loading with the three models reveal that:

a. Model-1 may be adopted for further studies in order to
~discuss and evaluate behaviours and performance of the

~ Djatiluhur dam.

b. The observations of Marker-3 do not appear to be reliable

and need field checking.

5.5. DISCUSSION OF ANALYTICAL ANALYSIS

After selecting‘of the Model-1, and after comparison of
observed and computed - values of vertical settlements’ and
horizontal displacement, the results of analysis of Model-1
are further discussed for several factors such as load
transfer, Hydfaulic fracturing susceptibility and potential
cracks suéceptibility will also be discussed based on the

calculated deformations. and stresses contours of Model-1.

5.5.1. Performance Prediction During Construction Period

1. When the embankment constructibn surface reached El1. 103
m, about 11.5 meters below the 'crest, a longitudinal crack
appeared along the Jjoint between the core and the

downstream fine filter (Monitoring Report, January 1965).
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It first appeared near the midpoint of the dam axis and
then extended rapidly in both directions, reaching a total

length of more than 500 meters, or half length of the dam.

As mentioned in the beginning of this chapter that several
conditions are found in Djatiluhur dam desfan and
construction, which might result iﬁ unstable behaviour of
the dam, including the occurrence of the cracks. These are

as below:

° Susceptibility on the construction methodology and
quality control during construction period,
particularly in placing of rockfill materials, which
resulted - strength decrement of the canstructed

materials.

¢ The availability of wundesired clay materials (high-
plasticity clay) might be used without proper pre-
constructed treatments for the materials, potentially

initiated unstable behaviours of the dam.

e TIncorrect assumed design parameters such as value of

friction angle and design slope.

There 1is evidence that Iongitudinal' cracks potentially
appear at the dam crest probably due to developed tensile
stress (Sherard, 1963).

From the contour of predicted minor principal stress (o)
at level 103 m, it can be seen from Figure 5.26.a below
that the sﬁall tension zone (circled area, with tensile
stress 3.9 T /m?) appears ~within adjacent zones between
core and the downstream fine filter only few meters below

the top layer.
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(b) 3D-Plane

Figure 5.26. Contour
of minor principal
stress at level 103 m

And from Figqure 5.26.b, it can also be seen that tensile
zone 1is present at the central section in about half the
axis length on the same location where a cracks is

observed.

2. Soon after construction was completed a longitudinal crack
approximately 300 meters long appeared on the crest in the
central portion of the dam (Monitoring Report, August

1965).

Based on the same theoretical background mentioned in

point 1 above, the contour of predicted minor principal

stress (0y4) at the end of construction is used in the
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analysis. It can be seen from Figure 5.27 that the small
tension zone continuously appears (circled area, with
tensile stress 3.04 T/m?) within adjacent zones between
core and the downstream fine filter from level 90 m

towards level 103 m or 10 meters below the crest level.

EOLE LN T a—

Solid : Stress_XX

Solid :
3.0407
-0.893
-8.763
-16.63
-24 50
-32.37
-40.23
-48.10
-55.97
-63.84
-711.71
-79.58
-87.45

-95.32
-103.1
-1071

Figure 5.27.Contour of minor principle stresses at end
of construction (level 114.5 m).

Even though the tensile stress magnitude slightly
decreased, appearance of this zone potentially initiated

the longitudinal crack on the crest of the dam.

It can be concluded that the computed results also
illustrate a potential longitudinal crack, which appeared
along the joint between the core and the downstream fine

filter.

3. Figure 5.20 and 5.21 in Para 5.4.1 show that maximum
settlements on upstream and downstream slopes are 267 mm
and 238 mm respectively, and occur at the same level of

the dam slope i.e. 100 - 103 m. Comparing with settlement
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contour of Model-1 as selected model (Figure 5.8 in Para
5.3.1), it can be seen that the contour also illustrated
the maximum upstream and downstream slopes settlements
occur at the three-forth height of the dam (level 100 -
103 m) with magnitudes being 276 mm and 268 mm
respectively. Figure 5.28 below superimposes Figure 5.20,

5.21 and 5.8 side by side.

Semumntﬁs at Dow nstream mi!
Shell Surface |

Dam Height (m)

-300 -200 -100 0

-300 -200 -100 0
{ Settlement (mm)

Settlement (mm)

e i s

| —e—Observed —s—Calculated ]

— e

Figure 5.28. Slopes settlements and settlements contours
at the end of construction period

The contour pattern shows that settlements within the
upstream shell are 1little higher than those 1in the
downstream and the maximum settlement appears at two-third
of the dam height within the core zone with the value is
501 mm. It is known that the settlement of the upstream
shell which 1is resting on inclined core portion will
depend on settlement of the core. And normally, the
settlement within core portion is higher than outer zones
that could be due to high compressibility of the clay core
(Kuberran, et al., 1978). MAccording to such general

behaviours of inclined core, Figure 5.28 confirms good
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agreement between the observable facts and the computed

contour by the software.

4. Figure 5.22 in Para 5.4.1 shows that maximum horizontal
deformation on downstream slope is 559 mm and occurs at
the 1level 100 - 103 m. Comparing with horizontal
deformations contour of Model-1 as selected model (Figure
5.9 in Para 5.3.1), it 1is seen that dam crest and
downstream shell moves towards downstream and the maximum
magnitude occurred at two-third of the dam height within
the shell zone with the value around 130 mm. Meanwhile,
maximum downstream slope horizontal deformation occurs at
the same level (level 49 - 52 m) with magnitudes as 93 mm.
Figure 5.29 below superimposes Figure 5.22 and 5.9 side by

side.

Horz.Movements at
Dow nstream Shell Surface

Dam Height (m)

0 100 200 300 400 500 600
Settlement (mm)

{:._omervoa —-—cuoum.ﬂ

Figure 5.29. Slopes horizontal deformation and the
contours at end of construction period

The unusual pattern of the observed horizontal deformation

values may be due to:

a. Elasto-plastic behaviour of the soil at observed
location. Where this behaviour is not modeled in the

analysis and the large difference between the observed
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and values at this location and the computed values may

be because of this fact.

b. The observations may be erroneous and needs

verification.

5. Figure 5.30 shows the major principal stress contours of
Model-1 at the end of construction period, where the load
transfer among the zone indicated. This load transfer can
be evaluated by comparing the computed values of the major
principle stress in the core and the core overburden
pressure at any given depth below the crest. The ratio
less than one indicates load transfer from core to shell,
while the ratio greater than 1.0 indicates load transfer

from the shell to the core.
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0.3187
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-21.85
-32.94
-44.03
-55.12
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1216

-132.7
-1438
-1493

Figure 5.30. Major Principal Stress contours at end of
construction period

The principal stresses in the core are lower as compared
to the shell material particularly the downstream shell at
all the levels except near crest of the dam and in
upstream toe of the core. This generally happens due to
load transfer from core to the both shells, as the
stiffness of the core is less than that of the shell. In

case of inclined core, it is known that vertical stress
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are observed higher in downstream shell. It indicates that
load trénsfer particularly occurs from core to the
downstream shell. The maximum stresses are observed at the
base of the dam in upstream -toe .bf éore enlargement
portion and downstfeam face of downstream filter and the
magnitudes are 143.8 T/mz_and 110.5 T/m” respectively. In
case of inclined core, normally, the méximum streéseé are
seen in adjacent zone between shells and filters
(Raghuram, 2005). It can be assumed that core enlargement

at base of the dam affects the shift of stress location.

Figure 5.31 shows load transfer ratio (6y/y.h) with
respect to height of the dam at the end of construction
period and the adjacent table lists the magnitudes. It is
seen that the ratio is less than one for about 70 m height
along the core height thus indicating loéd transferred
from core to shell, particularly to the downstream shell.
Except near crest of the dam, the ratio is greater than

one and indicating load transferred from shell to core.

90 ' Dam b
i i o i Y.h

80 | G L Hg'r%ht (T/m?) | m?) o/ yh
% | | 75 | 1567 | 133 [ 118 |

50 - 1 : ‘
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g0 |- @ |57 | .2583 | 502 || 051
20 ; l _______________ 49 1 314 E 66.6 I 047

0] i [ 32 [ 441 [ 10147 | 043

oL N [ 12 [ o2 [ w24 | 04

. .00 2.00 :

300.:3‘ Trans?‘grRatio ° [ 0 { 121.6 E 167.1 ‘ 0.73

Figure 5.31. Load transfer ratio along the various
core heights '

It is seen also that the ratio at the base of the core is

close to one. It denotes lesser load transfer from core to
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shell and indicates good effects of core enlargement. It
can be concluded that this behaviour shows satisfactory
agreements with general condition which known that the
stress transfer is of the order of about 70% near the base
for the zoned dam, and at higher elevations where the
geometric effects would be minimal, the stress transfer
was constant at about 40% (Eisenstein and Simmons, 1975)

at Mica dam.

5.5.2. Performance Prediction During Reservoir Filling

1. When impounding reached level 80-82 m, numerous horizontal
cracks were observed in the upper portion of the core
between 0 and 10 meter depths (Monitoring Report, February
1966) .

Presence of differential construction settlements that

could initiate the cracks can be observed in Figure 5.32.
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-0.495
-0.513

Figure 5.32. Settlement contour of reservoir filling at
level 82 m

The Figure shows the settlement contour with reservoir
filling up to level 82 m, when the water load is seen to

have forced the core to move upstream. The 513 mm maximum
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settlement appears at the mid height of upstream filter
zone as part of submerged zone and reduces gradually
towards the crest of the dam. Compared with the maximum
settlement at the end of construction i.e. 501 mm, this
settlement slightly increases and indicates the softening
effects over the buoyant uplift forces. The contour also
shows uniform and general settlements occurring within the
dam, hence, this analysis indicates no differential

settlements.

In order to observe the presence of tensile zone in the
zone where the cracks occurred, contour of major principal
stress of the dam at the level 82 m of reservoir filling

is presented in Figure 5.33 below.
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Figure 5.33. Major Principal stresses contour of
reservoir filling at level 82 m

It 1is observed that the vertical normal compressive
stresses reduced in most part of submerged upstream shell
due to buoyant uplift and increased in base portion of the
core due to water load on core. The contour also
illustrates uniform distribution of stresses in top zone
of the dam. Hence, prediction on horizontal cracks due to

developed tensile zone also disagreed.
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Therefore, to predict the dam performance based on the
observed horizontal cracks, theory of secondary
settlements may well be able to apply. Secondary
settlement occurred due to consolidation during the period
between completion of embankment and start of reservoir
filling when no additional loads are applied and only the
dissipation of pore water pressure developed in the core
(Inoue, et.al, 2000, at Tahamara Dam). This condition that
could not be modeled by numerical analysis probably
occurred within the top zone of the dam and initiated

occurrence of the cracks.

2. When impounding reached level 100-103 m, the upstream edge
of the crest settled about 50 cm with respect to the

downstream edge (Monitoring Report, June 1966).

Figure 5.34 shows the settlements contour of reservoir
filling at level 103 m. This contour verifies that unseen
internal cracks might have developed in the core due to
presence of differential movements. These internal cracks
were predictably developed and could initiate the

settlements of the upstream crest.
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Figure 5.34. Settlements contour of reservoir filling at
level 103 m
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It can be seen that the crest is settling in downward
direction and there are no differential settlements
occurring in the top zone. Uniform settlements appear in
top zone up to 20 meter below the crest, with magnitudes
gradually increasing from 9 mm on crest to around 300 mm
at 20 m depth. It is known that marker no.3 and 4 were
installed on this level and there were no reports from
these markers that informed the occurrence of the
differential settlements. Internal settlements are shown
with the 526 mm maximum settlement occurring in the mid
height of the upstream filter zone. This maximum value is
more compared with pervious water level stage (point 1)
analysis. It is indicates the effect of softening and

water load on core.

Figure 5.35 shows the horizontal deformation contour of
reservoir filling at level 103 m. There were no
differential deformations seen within the dam, especially
in the top zone. Most of the dam body is moving towards
downstream with the maximum magnitude being 420 mm

occurring at the one-third height of the upstream filter.
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Figure 5.35. Horizontal deformation contour of reservoir
filling at level 103 m
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The contour of major and minor principal stresses of the
dam at the level 103 m of reservoir filling could verify
the presence of tensile zone and hydraulic fracturing
within the top zone. Tensile zone could initiate the
occurrence of unseen-internal cracks and gradually

initiated settlements on the dam crest.

Figure 5.36 shows the minor principal stresses contour for
reservoir filling at level 103 m. It shows a small tension
zone, which was already there at the end of construction.
It now continuously appears (circled area, with tensile
stress 3.04 T/m?) within adjacent zones between core and
the downstream fine filter from level 90 m towards level

103 m or 10 meters below the crest level.

~
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Figure 5.36. Minor Principal Stresses contour of
reservoir filling at level 103 m

Hydraulic fracturing can occur when the water pressure at
a given depth (03) exceed the total stress at the same
depth (Kulhawy et al., 1976). For horizontal cracking, the
water pressure should be more than vertical stress (Oy) -

If the initiated crack is the vertical plane, the water

pressure would have to exceed the minor principal stress
(Oz, the stress in the core which is parallel to the face

of the core).
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Contour of major principal stress (oy) of the dam at the
level 103 m of reservoir filling is presented in Figure
5.37 (a). It is observed that the stresses reduced in most
part of submerged upstream shell due to buoyant uplift and
increased in base portion of the core due to water load on
core. Uniform distribution of stresses is also indicated

on top zone of the dam and no tensile zone developed.
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Figure 5.37 (a). Major Principal Stresses (oy) contour of
reservoir filling at level 103 m

Solid : Stress_ZZ

Solid :

2.9947

-3.464

-16.38

-29.30

- -42.21

il -55.13

-68.05

l -80.97
-33.89

-106.8

1187

-1326
-1455

-158.4
-171.3
-177.8

Figure 5.37 (b). Minor Principal Stresses (06,) contour of
reservoir filling at level 103 m

Based on Figure 5.37(a) and 5.37(b), we can obtain the

Hydraulic Fracture Potential Ratio (o6y/yw.h, 6;/pw.h) to
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analyze hydraulic fracturing susceptibility within the

dam.

Figure 5.38 shows variation of the Hydraulic Fracture
Potential Ratio with height of the dam at the level 103 m
of reservoir filling period, when in (a) and (b), major

and minor stresses will be considered respectively.
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Figure 5.38. Hydraulic Fracture Potential Ratio

along the various core heights

It is seen in figure 5.38(a) that the ratio is mostly
greater than one along the core height except in one-third
the core height where the ratio shown is smaller than one
but not to any significant extent. It is iﬁdicating that
the core zone is generally safe against occurrence of the
horizontal cracks due to hydraulic fracturing. Figure
5.38 (b) sho&s that .the ratios are mostly less than one
along the core height, except - at the top and base of core
zone. It denotes the susceptibility of hydraulic
fracturing that induces cracks along the vertical plane.

If it is combined with discussion on Figure 5.36 that
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tensile zone take place in two-thirds of the core height,
it corroborates the earlier finding to indicate the
occurrence of internal longitudinal cracks at that

particular level.

Therefore, it can be concluded from above discussions that
crest settlements did not occur due to presence of the
differential movements within the dam body. But, it
confirms the occurrence of longitudinal cracks due to
tensile zone and hydraulic fracturing in two-thirds of the

core height to potentially induce the crest settlements.

3. Figure 5.23 and 5.24 in Para 5.4.2 show that maximum
settlements on upstream and downstream slopes are 1195 mm
and 773 mm respectively, and occurred at the same level of
the dam slope i.e. 100 - 103 m. Comparing with settlement
contour of Model-1 as selected model (Figure 5.10 in Para
5.3.1), it is seen that the contour show the upstream and
downstream slopes settlements occurred at the three-forth
height of the dam (level 100 - 103 m) with magnitudes are
328 mm and 340 mm respectively. Figure 5.39 Dbelow
superimposes Figure 5.23, 5.24 and 5.10 side by side.
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Figure 5.39. Slopes settlements and settlements contours
at the end of reservoir filling period
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.The-contour‘pattern,shOWS settlements within the upstream
shell (submerged.zoﬁe) are slightly_higher.than those in
the downstream. The maximum settlement appears at mid-
height of the dam on the upstream core surface with the
value at 539 mm. Comparing with the maximum calculated
settlement at the end of construction, this slight
increment also indicates effect of. softening and water

load over the buoyént uplift.

As mentioned before, no satisfactory agreement is found in
comparison between calculated and the observed values.
Comparing with the calculated results, the observed wvalues
are extremely large; It can be predicted that effects of
softening caused excessive strength loss iﬁ submerged
shell whiie the water load was acting on core surface,
hence, additional settlements significantly occurred in
shell zone pushing the inclinedv core and resulting in
large settlements of the core zone that has high
coﬁpressibiiity (Nobari and Duncan, 1971, and Dibiagio et
al., 1982). Gradually, this behavioﬁr initiated

plastification of the materials in the 2zone indicated.

Otherwise, good rigidity at the mid-height of upstream
slope was stated by marker no.6. It could be affected by

construction of the concrete tower.

4. Figure 5.25 in Para 5.4.2 shows that maximum observed
horizontal deformation on downstream slope is 1400 mm and
‘at the level 100 - 103 m. Comparing with horizontal
deformations contour of Mod¢1—1 as sélected model (Figure
5.11 in Para 5.3.1), it is seen the movements are in the
downstream direction throughout most of the dam and the

maximum magnitude stated at two-third of the dam. height
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with the deformation at 629 mm. Maximum predicted
horizontal deformation of downstream slope stated at the
same level (level 49 - 52 m) with magnitudes at 576 mm.
Figure 5.29 below superimposes Figure 5.25 and 5.11 side

by side.

As discussed in point 3 of Para 5.4.2, deformation at the
end of reservoir filling is three times larger than the
settlement values at the end of construction is normal,
but the deformation at the end of construction it self is

extraordinary high.
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Figure 5.40. Slopes horizontal deformation curve and
contours at the end of reservoir filling
period

First presumption was that Marker no.3 did not perform
properly, however, if we assume that the observed
horizontal deformation data are accurate, this significant
deformation results from secondary consolidation and
plastification occurrences as mentioned at point 3 above.
It was known that a deformation of horizontal extension in
a direction parallel to the river causes a reduction in
the horizontal confining stress, to a degree that the

material plastifies.
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5. Observations of contours of major and minor principal
stresses at end of reservoir filling identify the
hydraulic fracturing susceptibility of the dam. Excess
load transfer from core to the shell may lead to hydraulic

fracturing as discussed in chapter 3.

Figure 5.41 shows the contour of major principal stress at
end of reservoir filling. The principal stresses in the
upstream shell zone are in general same comparing with the
stresses at the end of construction. However, the
principal stresses in the upstream shell zone are lower
than those in core and downstream shell =zones. This
happens due to effects of the softening and buoyant uplift

of submerged zone.
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Figure 5.41. Major Principal Stress (oy) contours at the
end of reservoir filling period

The maximum stresses that continuously observed at the
base of the dam in upstream toe of core enlargement
portion are 238.7 T/m?. Comparing with the value at end of
constructions, it 1is found significantly increased and
could be predicted due to water 1load acting on the

inclined core. There is no tensile zone in the dam body.
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Figure 5.42. Minor Principal Stress (oyx)contours at the end
of reservoir filling period

Figure 5.42 shows the contour of minor principal stress

(0x) at end of reservoir filling. The principal stresses
in the upstream shell zone are lower as compared to the
core and downstream shell zones and it happens also due to
effects of the softening and buoyant uplift of submerged
zone. However, effects of water load acting on the core
surface caused the stresses in the core zone become
higher. The maximum stresses that continuously predicted
at the base of the dam in upstream toe of core enlargement

portion at 174.8 T/m?.

It is found that the small tension zone, which was present
at the end of construction within adjacent between core
zone and the downstream fine filter zone at level around
10 m, is disappeared. It could be predicted that, water
load on core caused uniform horizontal deformation towards

downstream and decreased tensile zone in the top zone.

6. Figure 5.43 shows the contour of minor principal stress
(60;) at end of reservoir filling, which the maximum
stresses 1is observed at the base of the dam in upstream

toe of core enlargement portion at 183 T/m?.
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Figure 5.43. Minor Principal Stress (o6;) contours at the
end of reservoir filling period

Based on Figure 5.41 and 5.43, we can obtain the Hydraulic
Fracture Potential Ratio (oy,/yw.h, 06,/p».h) to analyze

hydraulic fracturing susceptibility within the dam at the

end of reservoir

Figure 5.44 shows variation of the Hydraulic Fracture
Potential Ratio with respect to height of the dam at the

end reservoir filling period, when in (a) and (b), major

principal (oy) and minor principal stresses (o) will be

considered respectively.

It is seen in figure 5.44(a) that the ratio is mostly
greater than one along the core height except at one-third
the core height when the ratio is smaller than one but not
too significant. It indicates that the core zone is
generally safe against occurrence of the horizontal cracks
due to hydraulic fracturing. It 1is known that the
hydraulic fracturing phenomena generally occur along the
upstream surface of the core zone for both horizontal

cracks and vertical cracks occurrences.
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Figure 5.43.Hydraulic Fracture Potential Ratio at the end
of reservoir filling along the various core
heights

Figure 5.44(b) shows. that the ratios are mostly less than
one along the core height, except at the top and base of
core zone. It denotes the susceptibility of hydraulic

fracturing that induces cracks along the vertical plane.

.This prediction has good concurrence if combined with
discussion on point 3 above, in which the observed slopes
settlements are extremely large. Hence plastification,
which is initiated by the effects of softening and water
load on upstream shell and core, occurred and was
simultaneously followed by vertical cracks either within

the core zone or the upstream filter zone.

Finally, this prediction could be the reason to expléin
the extraordinary occurrence of observed settlements. Even
though, this behavior analysis could not be modeled into
the package. As per literal"ture review, the saturation of
unsaturated soil generally leads to the loss of surface

tension at contacts between soil particles due to water
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entry into pores and-to the movement of soil particles due
to decrease of shear resistance between particle contacts,

and, this actual behaviour i1s calculated based on the

results of existing laboratory infiltration tests

2000,

(Inoue,

et.al, at Tahamara dam).

7. Regarding to extraordinary observed values, comparative
incremental deformations among related dams in the world
have already studied in order to investigate accuracy and

ordinariness of those observable facts.

Table 5.8 below tabulates observed increments of dam

deformation from seven dams 1in the world and one

‘dissertation model. Incremental deformation obtained by

comparing the deformation at the end of construction and

deformation at the end of reservoir filling.

55 m Height

Fukuda Dam, Japan

Earthfill dam

(Yasunaka et.al, 1985) || With Central Mid-height D/S Mid-height D/S Core
Core Surface of Core Surface
87 m Height 1.4 9
Yequas Dam, France | Eatrhfill Dam 1| "~ il .. No data
(Justro et.al, 2000) with Central
Core Core Zone
116 m Height | 0.21 1 : ,
Tahamara Dam, Japan i Rockfill Dam | el & No data
(Inoue et.al, 2000) with Gentral Dam Crest
; Core * (Linear Analysis)
i .
05 ; 0.5 | 072
Oroville Dam, USA 770 ft Height - fiy | fy |
) Rickfill Dam ® ol N() m()wm
(Nobari & Duncan, with Inclined
1972) Core Mid-height D/S Side (Not Maximum Value)

of Core

Recorded at D/S Shell
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,,,,,,,, e ;
. , 130 m Height || 0.87 | - 0.12 -
5 Alicura Dam, Argentina || Eanthfill Dam oo o
(Botta et.al, 1985) W'thcce""a' At Mid-height of the ]
ore Core
| Elinfiemillo Dam, UsA || 148 Height - | 020 || -
, : oc o
6 (Marsal & Ramirez, with Central No data
. 1967) Core 3
- g_ .
12 || 1.75 - 1.2 -
: Svartevann Dam, 1;9 m'l}l-‘gigm - i ,
: Norway ockfill Dam )
(Dibiagio et.al, 1982) Core at 2/3 height of D/S Shell Surface
Shell Surface
, 150 m Height || 0.78 || 0.86 0.05 || 043
8 Raghuram s Model Rockfill Dam ;
(wrt Tehri, 2005) with Inclined || At mid-Height of U/S || At mid-Height of UrS
Core Shell Shell

Table 5.8. Comparative magnitude of deformation increment

Based on the tabulated data above, it can be concluded
that; 1) Maximum settlement increments stated from 10 up
to 40%, 2) Maximum horizontal deformation increments
stated from 50 up to 800%. However, - the observed
deformation increments of Djatiluhur dam recorded maximum
settlements increment around 350% and horizontal
~deformation increment around 300%. It is confirmed that
observed seftlement,increments occurred beyond the normal
and horizontal‘ deformation increments. were found
significant but not beyond the normal. However,
extraordinary deformations were already stated at the end

of construction period still have to be considered.

According to comparison discussed above, indication on
potential plastification zone (elasto-plastic behaviours)
and indication on unstable behavior due to excessive
reservoir water effects still should be kept in mind.

Secondly, accuracy of the observed data in marker no.3 is
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suggested to be verified by calibrate performance of the

installed marker.

8. Regarding to quality control applied during constructions,
the evidence of cracks and settlements predictably may

also be caused by:

e Susceptibility on the quality control during
construction period, pérticularly in placing of
rockfill materials, which resulted strength decrement

of the constructed materials.

¢ The availability of undesired clay materials (high-
plasticity clay) might be used without proper pre-
constructed treatments for the materials, potentially

initiated unstable behaviours of the dam.

e Iricorrect assumed design parameters such as value of

friction angle and design slope.

9. Generally, some difference between observed and predicted
behaviour would appéar to be unavoidable. As per review of
literatures, except the unsatisfactory performance of the

instruments used, the differences are probably caused by:
v Unsatisfied performance of the instruments used

v’ Possible sources of error may be found in the
approximations in forming the constitutive léw, the use
of tri-axial data in a plane strain problem and in the
inadequate representation of real variations in
material properties, including anisotropy due to
rolling and variations in placement moisture content

(Parkin et.al, 1982 in Dartmouth dam).

v It was impossible to obtain good correlation at

embankment dam when the construction sequences were not
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reproduced in the. model properly (Botta et.al, 1985 in

Alicura dam).

v It was believed that process of creep very well might
explain the analytical under—prediction experienced for
the séttlements, which was not included in the analysis
model (Dibiago -et.al, 1982 in Svartevann Dam,

Norwegia) .

v Susceptibility on the quality control dﬁring placing of
rockfill materials, where was not comparable with the

design criterion.

The tangent modulus of material properties which
reproduce the layer placement can be used with accurate
results only if the fill placement is uniform and the
rate of placements is in the normal range. Otherwise, a
viscoﬁs—plastic model 1s required to "reproduce the
behaviours. (Priscu, R et.al;, 1985 in Riusor Dam,

Romania) .

v Undesired method of constructions and quality control
applied resulting in decrement of strength properties

of used materials.
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CHAPTER 6
CONCLUSIONS

According to the analysis and discussions that have
been given in previous chapters, the following conclusions
are drawn from this study. The study is divided into three
parts viz. (1) literature review, (2) selection of non-
linear material properties model by comparison of observed
data, and (3) the 3D FEM analysis of dam and-interpretation
of results. It is done for two stages 1i.e. end of

construction and end of first reservoir filling.

The literature review has revealed several points as

below:

v' 3D-FEM is one of the best numerical methods for problem
involving complex material  properties and boundary

conditions.

v Seven stages of construction could be sufficient to

analyze the incremental embankment construction.
v" Non-linear hyperbolic stress strain model is widely used.

v The sloping core results in increase of the vertiéal
displacements than those for central core dams, though the

effects of horizontal displacements are small.

v The maximum settlement occurs with range values between
0.2% up to 3.4% of the dam height, which below 1% 'is
"mostly recorded. It mostly occurred in the core zone of

the dam.
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¥" Deformation increments due to reservoir filling are 10-40%
and 50-800% for settlements and horizontal deformations

respectively.

v There is no significant change in the stresses and
displacements in the dam with straight and curved axis

under both construction and reservoir full conditions.

v' The presence of a piastified zone in the part of the core
and of the filters and transitions potentialiy initiate

the large deformations of the dam.

v The movements observed during reservoir filling were first

in upstream direction and later in downstream direction.

Since the material properties were not available for
the analysis, 3D FEM analysis was done with 3 sets of
values. Model-1 was selected by comparing observed slopes

settlements with the computed values.

The interpretation of observations and results of

analysis with Model-1 values reveals in the folloWing paras.

6.1.. PERFORMANCE OF THE DAM DURING CONSTRUCTION PERIOD

1. The observed longitudinal surface cracks and settlements
that appeared in the dam at the end of construction period

were predictably caused by aspects such as:
a. Presence of tensile zone in the top zone.

b. Susceptibility on the construction methodology and

quality control during construction period.

c. The availability of undesired clay materials (high-

plasticity clay).

Chapter 6: Conclusions -2-



The maximum settlements on upstream and downstream slopes
are 267 mm and 238 mm respectively, and occur at the same

level of the dam slope i.e. 100 - 103 m.

Internal settlements within the upstream shell are higher

than those in the downstream.

The maximum internal settlement appears at two-third of

the dam height in the core zone with the value is 501 mm.

Large movements of observed horizontal deformation values

on downstream slope at level 100-103 m, may be due to:

a. Elasto-plastic. behaviour of the soil, where this

behaviour is not modeled in the analysis.

b. The instrument is giving unreliable vaiues and needs

 recalibration.

c. The same aspects as mentioned in point 1.b and 1.c

above.

The principal stresses in the core are lower as compared
to the shell material at all the levels except near crest

of the dam and in upstream toe of the core.

The maximum stresses are observed at the base of the dam
in upstream toe of core enlargement portion at 143.8 T/m?
and 107.1 T/m? for major and minor principal stresses

respectively.

The load transfer ratio is less than one for about 70 m
height along the core height thus indicating load
transferred from core to shell, particularly to downstream

shell of the dam.

Except near crest of the dém, the ioad transfer ratio
shown greater than one and indicating load transferred

from shell to core.
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6.2. PERFORMANCE OF THE DAM DURING FIRST RESERVOIR FILLING

1.

The numerous horizontal cracks were observed in the upper

portion of the core at RWL 80-82 m, predictably caused by

aspects such as:

a

. Presence of differential'settiements and tensile =zone

are not confirmed by the énalytical_results.

. Unstable behaviours due to. aspects as mentioned in

point 1l.b and l.c Para 6.1 above.

. Unseen deformation in the top zone where is caused by

occurrence of second consolidation, which could not be

modeled by numerical analysis.

Occurrence of differential settlements on crest at RWL

100-103.m, may be due to:

a.

Presences of differential movements are not confirmed

by the analytical results.

. Presence of tensile zone in the top =zone (3.04 T/m?)

where is confirmed by the analytical results.

. Hydraulic fracturing potential ratio analysis confirms

the susceptibility of hydraulic fracturing that induces
cracks along the vertical plane'ih the upstream core.

However no evidence is there for their existences.

. Unstable behaviours due to aspects as mentioned in

poinﬂ 1.b and 1l.c Para 6.1 above.

Unsatisfactory agreement is found in comparison between

calculated and the observed values of upstream-downstream

slope settlements and horizontal deformations. These large

movements may be due to:

a.

Effects of softening caused excessive strength loss in

submerged shell and core and gradually, it initiate
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plastification of the materials.

b. Similar causes as mentioned in Para 6.1 points 5.

. The principal stresses in the upstream shell =zone are

lower than those in core and downstream shell zones.

The maximum principal stresses continuously observed at
the base of the dam in upstream toe of core enlargement
portion at 238.7 T/m?> and 174.8 T/m? for major and minor

principal stresses respectively.
There is no tensile zone within the dam at end of filling.

The small tension zone, which already appeared at the end
of construction, has disappeared due to water load and

uniform horizontal deformation towards downstream.

The core zone 1s generally safe against occurrence of the

horizontal cracks due to hydraulic fracturing.

6.3. SUGGESTIONS FOR FURTHER STUDY

1. The study has been done by using limited data of material

properties. The analysis should be carried out again with-

actual and sufficient material properties data.

. The study may be extended with the elasto-plastic
behaviours model = analysis to accommodate the

plastification analysis of the dam.

. The study may be extended with behaviours analysis due to
the reservoir drawdown effects, including the ‘seepage

analysis.
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