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Considerable tl[L-:':rLllun hitg been given in recent *_-,u:lrs to the pmhlum_
of transyerse cracking in dums and associated phenomenn of hydeaulic
fracturing and piping, and design pned constrection lfeatures in defence |
i insl such hazurd, Qriginally the problems were principally nssocinted |
with difTerentin! settlements due to Taundat c::n*.-., od mopid chiovges |[1I'II'IIU-
dimilly slong steep abulments were HIDODE0. SO0 1T wits W50 ILng"I“—T
it differential deformabililies wil!*.:n e dam superstruetire
citn be us pmportant or more, indslarc as within the body ol the dam any
clevalion is, 1o ull ellects and purposes, o foundution plane to the overlying
purt of the selfsume embankment. Similarly, stringent requirements haye
been imposed on transverse slopes within the body ol the dum when Buill
iy separile phoses becouse ol river diversion schemes; since any sucl
triunsverse first phase slope acts as wn abutment to the second phase, the
analogies in recsoning ace cbyious it must be remircked, however, as
quite unexpiainalle that the contaet of the embankment agiinst the rigid
conerete  ubutment ' ol 4 groyity section hus been lorced 10 cede Lo com-
pitealively less cigorous impositions, apparéendy i part beciuse it straddles
Lhe aren inlermedinle belween 1wo specithizabions, wmd in part becauss
[orcing increises 10 conerele volumes is o rather capensive proposition,

The problemy has been and is being tackled wlong many wlleys simul-
taneously, Geologic and hydrologic conditions in muny areis in Brazil
hive been ebserved 1o vccumulate factors in a dizection such as Lo locus
on the probiem os :.-:LJ.I..-':I"II'_'r' important, The Wriler prolits of the occasion
(e sunmmarize his wopraisal of the promises ond problems connecled with
some ol thess alleys, basing his comments cn he work bemng done on
mitny big prajects with which he is associated as consnliunt, For simplicily
the discussion will be resteicted [0 the case ol a zonzd dim on a lirm
Faunchitticmn.

The Tollowing is an attempl to systemitize the trends of thinking and
work Lhal have arisen in the wake of the recognition of the problems as
due to Lhe oft-times lack ol comipatibility of stress-strain behaviour of the
distinet zones, Figure | presents o schematie cross-seclion ol the Salta
Ozorvio Dam, uséd herein Tor casy reférance,

|, Firstly there 15 Lhe problem ol compressions of Lhe compacted eurth
core and the rock shells nnder sell-weight und reservoir toading,

The highly deformubie dumped rockiills of up to |5 years ago were
substituted by intensely (sometimes excessively) compacted rock shells
becinse of slope stubility it must be recognized us wulikely that the Lrend
towards heavy compagtion af the shells will be even parvily attenuated,

Under the circumstances, as regards the impervious core (wo opposile
trends houve Found justilication, One, twowards use of the soft plastic cores,
such g the puddied clay core, on which the Wriler hiis ne comment (beciuse
ol ek ol personal experiengelon the solution) cacepling the earnest apped
thut cuantitative data on desipn, construction, and hehaviour phrimeters
ol such cores be investignled, interpreted und published, in bensefic of o
solution that appedars-1o huyve high promise (F well 2nough documented,
ot i

e allier, 1owanrds added emphists an e bedsier ung m are x...|||., ul




compilction of the clay core, Heayy compaction of huge volumes ol cluyey
malerials has been a routine in Brazil’s big hyvdro projects, and recently
Lthe problems have been accentuated in connection with very cluyey ' red
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Q. 42

soils 7 derived lrom basalts. Based on such experience the following com-
meuts are submitted in compact statements of lirst-degree approximution,
obyiously vulnerable to second-degree reappriisul.

(13 The production trend toward !Iu.:-w er hauling equipment imposes
i definite need for even heavier compattion ellort, so as to achieve homao-
peneity despile uneven compression of lifts under haulage tires,

(2) For most clays of Standard Prector oplimum waler contents
|!1I,[,hh1 than about 30 %, weights and pressures of hauling and compactive
equipment have exceeded the desiruble range; ¢ffects of over-compac clion
are produced at the least provecution,

(3} Such problems multiply considerably i borraw pits are wet of
optimum. Emphasis must be yw.n to as correct as possible direct dater-
minations of Aw = W.,... — H,... by Hilf-type tests without pm'wuw
or reuse of sample lor more len one compaction lest paint, Although
most soil mechanics test results are subject to comparatively broader dis-
persions, small changes in Aw may be quite significant towards collateral
effects not reflected in routine density inspectian tesling.
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L S
(4) Controlling compaction water contents to within limits in gecor-
dance with routine specifications does not cover the problem | the Writer
has Tound it important to determine Percenl Saturations in sily in the
Borrow, and wirns 'againsetroubles with high saturations (5 S 85 9. |
(3) As shown in figure 2, very little significant decrease of compressi-
bility 15 achigyed with compaction beyond uboul 96 % Proctor, Heavier
compaction basically achisves u slightly higher * virtou] preconsolidation
pressure M, with no effect an the compression index, As is more realistically
shown in figure 3, the retative incompressibility below the virtual preconso-
lichition pressure is not significant, especially for bighee dams, and espe-
clully as regards any possibility of compatibility with rocklill compressibi-
litigs,
(6} Delinition of the quality of a compucted clay All through 7 statis-
ticg of avernpes ' by reference to inspection Lests, constitutes & sutisfactory
approach reparding compressibility phenomenn, wherein integrations are
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Q. 42

involved. In connection with Paper R.) 1 the writer would rooo...nend
interest in representing the complete Frequency Distribution Curve of
percent compaction beyond the established rejection criterion, us shown
in the paper * True Representation of the Quality of an Compacted
Embankment ** V.F.B. de Mello er al, 1959, First Punam, Cosomef,
Mexico, Yol. I, p, 657,

2. Secondly, the design of the zoned cross-section has sought to opli-
mize the position of narrow earth cores so as o avoid zdnes subject to
unfayorably low or tensile stresses due to differentinl compressions, The
principal technigue used for such design studies has been the finite element
anulyses, and the principal design solution available has been inclining
the narrow zone responsible for the incompalible pressure-setticment
behayiour,

Based on the solution developed at the Univ. of California, Berkeley,
by Kulhawy, Duncan, and Seed, rapid steps were taken to investigate
problems of stress redistributions within higher carth and earth-rock dams.
At the Salto Ozorio 53 m dam (1) an early alternative of u central core
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(1) The Writer is indebted to Copel-Eletrosul, Owners, Serete-Kilser Engineers,
designers, and o Prof, J. M. Duncan, executor af the finite element nnnlyses.
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wis promptly substituled by an inclined core as shown in figure 1 ; at the
Marimbondo &5 m dam (2) the frequently-vertical chimney drain was
stoped over a streteh; at the Itauba 100 m dam entirely analogous to Salto
Ozorio, the vertical core of the preliminary design has also been inclined
upstream. Figures 4. and 5 present summary indications from the studies
on Salto Ozorio,

Muny designs have resorted to finite element analyses over the pust
three yeurs, and papers such as R. 18, R. 26, R, 29 and R. 44 presented 1o
this Conference are pood examples, the latter being one specific study
towards assessing, through o simplified * single-lift *' assumption, the
optimized position for 4 core without increasing fill volumes. In compari-
son with the potent finite element and finite difference numerical compu-
tation techniques the writer would relinquish interest in furthering such
simplified analytic studies as explicit or implicit in Papers R, 5 and R, 6.

The results summarized in figures 4 und 5 embodied as the principal
difference between the core and shells the Modulus Numbers K of 1,200

(2) Several studies and publications by Decio de Zagottis and Evelyna B. S. Silveira,
of Promon Engenhari 5. A, Enginesrs, in connection with this major project of Furnas,
Owners, are thanked for the principal introduction of finle element nnalyses in embonk-
ment dams in Brazil,
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(rock(ill) vs. 8l 50 or 25 (three assumed values Lor the core) | Lhe construs-
fion londing was developed in 9 steps and the rupid reservoir filling i 4
additiona) steps, the reseryvoir pressure being applied us a boundary pres-
sure on the upstream fuce of the core {a valid assumption for o very rapid
reservoir fitling); the stress-strain churacteristics of the shells were hiandled
0 Lerms of elfective stresses, while, fustifinbly vader the hypolheses, Lhose
ot the core were in terms of tolal stresses; hydranlic fracturing wus thus
postuluted to oceur il the reservoir water pressure becime greuter thin
the total stress (either yveretical, @ p, or parallel Lo the core fuce a p) at the
upstream fuce ol the core.

Further obyious developments are aimed at including, under somewhat
slawer effects, the seepage forces as body forces com puted from the Nownet,
il the consolidation elfects which are of greal imporiuncs because reia-
tive deformabilities will be vastly accentuated § it s with time and conseli-
dation that the clayey core (il wel and more nearly suturited) will prave
more compressible, and since meanwhile the rocklill deformitions are
essentially rapid (in cases where the high point-steess crushing deformations
ol a secondary type are low), when the tme deformations of the clay pet
(o be most significant the ratio of rock Er to core e would grow very
considerably. In one study (2) it has been propoesed to consider consolidi-
tion eflects through a simulation comprising & drop of the clay Maodulus
of Elusticity Ec; although the specific casc assumed o constant weighied
average drop of Ec toa Ec, it is accepted that without too much ndded
dificulty or computational time it will be possible to introduce different
values of = as they will vary considerably Irom paint to point within the
mesh, and at each point from time Lo tme during finite consolidation
increments.

The Writer foresees that as such studies develop, one very imporunt
cansideration might trn oul to be the compression-expansion hysteresis,
it is normally assumed either that the nominal * elusticity ' moduli in
compression and in tension are essentially equivalent, or that the redistyi-
bution of stresses does not really hnply a time sequence of compression
followed by expansion, bit rather a mentil sequence of superposilion ol
seresses (und consequent slrains) as gquivalent Lo © avoidance ol u conso-
lidation compression ' in lieu of o physica expinsion. However, due to
lime and space effects in dissipition of excess porepressures, il s yery
likely that certain zones within the core will really be loreed to expund und
awell alter having been compressed, One has haen forced o wilness, In
inspection pits dug into a very we | compacted clay core adjaeent Lo o steep
concrele gruvily (ace, sizeable zones of material swollen to o muddy medium
Lo soft cansistency.: the zone is suspected to have been undar tensile stresues
when the reservoir water reached it Olviously in such cuses o really hyaro-
philic clay with u Swelling Index ¢, not Tar different from Lhe Compression
[ndex €, should be much preferred.

[n short, finite element analyses qre in the process of development
with & view to including the changes of stress-strain behuyviour that the
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embankment materials are physically known 1o undergo under the very
siress, delormation, and seepage, changes that the operational history of
the dam will bring about, Thereupon, since it cun be foreseen that additional
computational developments will be comparatively rapid, attention may
be shilted to concomitunt investigalion ol appropriiate parameters to
insert into the analyses, e

11 I

Thirdly, the investigation of " flexibility '*, *¢ plasticity "', tensile
strain deformability, and tensile strength, of compacted clay cores,

Within this important component ol the overall problem the Writer
would begin by emphasizing the need to distngoish between laboratory
studies und conditions upplicable 1in the field. Hitherlo attention has been
centered on laboratory investigations on laboratory compacted homoge-
Necus specimens.

[n such laboratory investigations there has eccurred a rather unflor-
lunate bifurcation within the original and necessury basic aim which was
to determine both the delormability under tensile stresses K, and the
ultimate tensile resistance R, Paper R, 10 is an example of an investigation
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(1, 42

exclusively into the latter parameter. At least four dilTerent techniques (1)
have been employed for compurative tests on Ry, but really a distinet
preference should be piyen 1o tests such as presented by Hishop and
Garga (1969) employing the triaxial equipment, beciuse of the nead to
determine £, concomitantly, and te investigute both parameters under Jdif-
ferent controlled stress histories, deainage conditions, saturation, £Le,
Figure 6 summarizes some resulls fram Lhe comparisons of compression £,
and tensile £, moduli, under quick lests on three compacted sails, The
results indicating £, = &, appeir reasonable if one assumes (hat tensions
(capillary} stiffen compueted clays, Such quick lests cun be significunt
with respect to appraisal of susceplibility Lo crucking under rapid reservoir
louding ¢ but the follow-up under slow swelling und situration can be us
fundamental a problem.

A recent study (4 shows that on six sails of 3 < P & 25 B, in drained
telaxial tests draps to about 30-66 §7 in specimens subjected Lo back-pressure
saruration, in comparison with spectmens us compucted ol Proclor optimun,

There has been much indiscriminate use of terms und concepts con-
qected with the aims at © plastic deformability ™' 1o avaid eracking, Much
of the pertinent literature automatically associites o higher (unguantified)
capacity to deform withoul cricking, to higher vulues of the 501l Mecha-
nician’s Plasticity [ndex Pf Actually the PIis no more than i measure of
the range of water conlents over which i clayey material exhibits, under
atmospheric pressure conditions, the empirically defined *¢ plastic beha-
viour 't ¢ nothing is thereby established with respect 1o plastified behaviour
snder high total stresses, although there Is some reason Lo presume LIt
more clayey materials will lead to higher pore pressurcs nnd thereby to
mare * plastic. ™' stress-strain behaviour in compression. However, under
the same Loken might it not be that under a stress Teversal to lensicns, the
more clityey material may exhibit higher negative pore pressures and bricl-
leness?

AL any rate, the principal point is that it s meaningless Lo discuss the
# potential plasticity " of a type of so1l, when what really mutiers 15 ils
plasticity as compacted. A simple first-order reasoning has prompted the
writer, over the pust dozen years, ta plot Optimum Water Contents Wopt vs,
Plustic Limits £F, on all investigations af cluyey borrow pits, since speci-
feations aulomatically impose compaction at close Lo the Proctor apti-
munt, one automatically verifies if the soll as compacted will lie above or
helow the Plustic Limit, Figure 7 has been drawn up to collect some al’
such results derived from sundry cluyey residunl soils (principally rom
pranito-gneisses, sandstones, quartz-schists, and Huasalts), The results may
appear surprising, and may refer only Lo residual soils : but the impociant

(3} * Comparative analysis of some lensien tests in compacted soils *°, N, Gaioto
of Promon, 1, Se. Thesis st Uniy. 5. Faala, 1972,

{41 * Woles on the tensile sirength of some compacted soils **, B. Cruz and G, Meld
lios, 1972 Seminar of the Bradlinn Com. on Large Lisrns,
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Q. 42

conclusion would be that only with soils of 5 Z Pf = 22 does one have
reasonable probabilities of compacting the clayey material at water
contents higher than the plastic limit. The faet that residual clays of high £/
values may be compacted much dryer than the Plastic Limit may merit
special concern, because of the presumplion of concomitunt inferced britt-
leness.

In line with these thoughts the Writer has two side comments. Firstly,
there would be considerable interest in more quantitative dats ns to the
real benefits sought and achieved by the admixture of bentonite into the
core material as mentioned in paper K 6, Secondly, it may be reminded
that in the Writer’s opinion (3) the Atterberg Limit tests [or plasticily are
really an unliic measure in most residual soils. Clayey suprolites moy
¢xhibit 4 very high * plasticity potentiality "' (upon Tull plastificution by
remoulding) ns reflected in those routine identilication tests @ but under
in situ or compacted field conditions such seils generally do not behave
plustically. For instance, in the oedomeler curyes ol figure 2, * plastitied "
clays of similar Pf values would exhibit C, values well in the range of 0,15
to 0.3 €, whereas the residual clays reported swell so little us 1o exhibit
values C, = 0.05 C,.

Despite the abyious interest in such liboratory studies ol parimetrie
variations, indispensable towards furnishing a feel lor the core behaviour,
the Writer would goard with prudence against relying on tensile delorma-
bility and tensile strenpth as o design expedient, It appears that design
studies should aim at avoiding any tensile stress whatseever, and that the
abilities to withstand delormations withour cracking should be sought
with interest as reserve defences, The principal reason why such a stend
must be recommended lies in the gquestions of field compaction and
compaction controls,

Firstly it must be emphasized that in the Writer's experience clays of
Wopt = 30 % require careful field investigation and decisions on construc-
tion equipment and specifications in order to aclieve a truly massive,
cohesive ** fabric ' of the compacted material, Yery lrequently at the dryer
witer contenls required to achieve (with present-duy equipment) high
percent compactions the fabric is ol clayey nuclel pressed together but nol
plastically stuck together | in such malerials frequently the permeability
tests run on undisturbed block samples yield 100 ww 1,000 times higher
coetlicients than as obtain in laborutory compacied homogengous spect-
mens, and if the test is run with water approprintely dyed and after some
percolation the specimen is pulled apart in tension, it is found that all
the flow was prefecential alopg the contnet surluces between the cluy
nueclei, On the other hand, at welter than optimum conditions there {5 an
immediale tendency toward formation of over-compaclion laminations,

+ (51 Y. F, B. de Mello, ** Thoughts on soil engincering applicable to residual soils ',
Southeast Asian Coszomel, LKlong-Kong, 14972,
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Obvicusly as a fiest step it is indispensalble that testing should be an
field compacted undisturbed block specimens. The Writer would recom-
mend, with respect to tensile fraclure susceplibility, the double radial per-
m::u-’::iliL],f tests I eylindrical specimens with 4 concentric iLs
used 1 Rock Mechanics, with seepage cousing compression in one instance
and lension in the nexlt.

- !In.am,w:t the principal problem concerns the nature of construction
and inspection operations, and the fuct that whereas the statistics of ave-
riiges adequately covers the compressive strain plienomena, it may well
e a single plane of discontinuity that may sbsorb o large proportion of
tensile strains caleulated as pertaining to the postulated hamogeneous
muss wround 1L, Such thoughts justify the basic premonilions against accep-
Lince of o design computation based on tensile siresses und strengths,

4. Fourlhly, for the sake of completeness, mention must be muade of
Lhe studies on erodibility and wash-through, und recommendations on
“sell-healing " filter-transition materials,

In very valid engineering reasoning, ane of the measures of prudence
in design is to check on the defences availuble in case the problem of
um..um, does develop.- On the one hand there is the question of Llct}'L}
core resistance to internal erasion, and Lo vashing-through the interstices
of the filter : there have been severa! s 5 on these problems in lormer
Conferences, but the subject was nol ght up at this Congress, The
Writer would again emphasize that signilicant tests lor sueh ** trigpger-
reiction progressive phenomena ™ muost be bosed on undisturbed hlock
speciimens from the core-fller interfuce as |:ﬂ||1|::-zu.:lut| with all the local
irregulirities that have nol been reproduced in luboratory-compacted
Spesinens,

On the other hand, it is the Writer's impression that there is no
published attempt at quantification of the material and behavioral pro-
perties associated as desirable in & seli-healing " lilter-transition material,
Considerable reference to the :il'L'lv',.L,I. miy be found in Project Reports, but
apparently no atlempt has yet been made w systematize and justify the
intuitions associated with the recommendations, and no laboratory research
s been reported with respect Lo checking on such preliminary indications,

This subtopic will probubly justily considerable interest for futues
study and discussion,



