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thepe are few publications (Banerjee et al, 1873),
{Evans, 1837). .

Liquefaction of soils during earthquake is the
first cause of concern. The Committee on Earth-
quake Engineering of the National Research Coun-
cil, U.S.A. has published a report (National Re-
search Council, 1985) reviewing the state of
knowledge, the causes and effects of liquefaction
of soils during earthquakes and documenting the
state of the art of analysis for safety from li-
quefaction. This report reflects the consensus
of specialist from the United States, Japan, Ca-
nada and the United Kingdem. It is a complete
reference on the subject,

When there is no threat of liquefaction or se-
vere loss of shear strength under seismic shak-
ing the relatively simpler method propesed by
N.N. Newark is still used (Hypes-Griffin and
Fpanklin, 1984),(Hendron, 1985),

In dynamic analysis it is necessary to have the
value of the shear modulus, 6. There are many
papers on this subject, with determinations by
both laboratory tests, (Seed et al, 1984),
(Stokoe II, 1985), (Peiji Yu and Richart, 1984),
(Chung et al, 1984) and field tests (Sykora and
Koerter II, 1988), (Hiltunen and Woods, 1988).
The information is ample for sands and meager for
coarse materials (Bolognesi et al, 1988),
(Stokce et «1, 1988). In & few publications the
dynamic properties of the constituting materials
have been computed from the actual response of
the dam as a pretotype (Seed, 1980), (Romo and
Villarraga, H88).

Dobry (Dobry et al, 1962), (Ladd et al, 1989)
consider that a cyclic strain appreach to the
problem of predicting pore pressure buildup has
significant advantages over the cyclic stress
approach proposed by Seed. Dobry (Dobry et al,
1984) had.also presented a new approach to the
liquefaction evaluatiocn of earth dams.

Castro and Poulos (Castro et al, 1982), (Pou-
los, 1981) have introduced the steady state of
deformation as an amplification of Casagrande's
epritical void ratio and developed a method of
liquefaction analysis (Foulos et al, 1985). It
stands as an alternative to the Seed-Lee-Tdriss'
method. They have published a re-examination of
slide of Lower San Fernando dam based on their
ideas (Castro et al, 1985). They are the main
contributors to the knowledge of the undrained
steady state of sands, including mine tailings.
Again the information is very limited for gravels
(Bolognesi and Micucci, 1987), (Donaghe and
Torrey I1I, 1985).

Particularly difficult to analyze are dams and
foundations made of gravels with cobbles and
boulders. Values of Dg, of the order of 30 mm

and Dmax of the order of 50 mm have been report-

ed (Noguera, 1387). Very few results are avail-
able of the proper modeling of the laboratory
test specimens of coarse prained soils (Siddigi,
1987), (Banerjee et al, 1879). The same applies
to the results of field determinations comparable
to the well known SFT, CPT and PMT tests for
sands. The use of the Bécker hammer drill has
been proposed (Harder and Seed, 1985) as well as
special penetration tests (Giuliani et al, 1984).
Sheap wave velocity measurés as an indirect me-
thod to determine field densities regquires addi-
tional information (Bolognesi et al, 1988),

The already mentiened repcrt of thée National
Research Council, U.S.A., (National Research
Council, 1985), contains a4 chapter on improve-
mentof liquefiable soil foundations ceonditions.
Practically all the available methods are eva-
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For the foundation of dams the most com-
monly used methods are blasting, densification by

luated.

vibration and dynamic compaction. Compariscns
between conditions before and after the treatment
are available for sand foundations (Moreno et al,
1983), (Mitchell and Solymar, 1984), (Harder et
al, 1984). For the gravelly shells of dams chim-
ney drains are recommended to control seismic
pore pressures (Bolognesi, 1984, 1987),Figure N°
3, because of the large value of the coefficient
of consclidation of clean gravels. Blanket drains,
toe drains and collector systems are also incorpo-

rated.

w
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(After Bolognes|,1984)

Chimney drain to control seismic pore
pressures Cerro Pelado Dam, Cordoba, Argentina.

Figure 3.

Because both dynamic analysis and field meas-
urements indicate that very freguently accelera-
tions are multiplied at the crest of the dam, un-
desirable large deformatiens of the upper part of
the outer slopes can be reduced by flattening
them (Bolognesi, 1981), (Seed et al, 1985).

New dara and new analysis have been presented
of the lpliernills Dam, Mexico, inceluding the
effects of the Seprember 1985 seism (Romo and
Villarraga, 1888). high quality systematic meas-
urements since constructign (1962-1964) and the
use of corresponding refined methods of evalua-
tion furnish important information on the effect
of earthquakes on rock fill dams.

5. LESSONS OF ADJUSTMENTS TO TROPICAL SAPROLITES
AND LATERITES
by V.T.B. de Mello

§.1. Intreduction

In dam engineering the adjustment from region to
region is always strongly influenced by many fac-
tors beyond the geologiecal, such as meteorology,
hydrology, construction plant and logistics, so-
cic-gconomic, contractual, and Go on; in fact,
for instance, much of Brazil's dam engineering
seems hitherto more influenced by the exaggerat-
ed hydrology, affecting cofferdams, closures,
rock excavations, schedules, etc., than by di-
rect geotechnical concerns. However, the aims
of this Conferenceset those factors aside. To
Geotechnical Engineering, the adjustments be-
tween different siting conditions include both
foundations and construction materials, the for-
mer understandably more influential, Finally,
in tropical saprolites and laterites, it is dif-
ficult and senseless to separate the conjugate
detivities of peology, engineering geology, soil
mechanics, and rock mechanics, singe the transi-
tioning is ‘continuous, and the problems faced



bifurcate Letween those of discontinuities within
competent media, and those of less competent con-
tinua. No soil mechanics can be compartmental-
ized and extracted out of the context, of the en-
gineering-geological containment and of the
bounds of rock mechanics horizons of cracked and
weathered rocks. Recognizedly the interwining
is universal: we merely emphasize that it is
more pervading and extensive in deeply weathered
tropical soils transitioning through saprolites
To sound impervious rock.

In a rough historical subdivision one might
say that the engineering of dam projects went
Through three phases: prior to 1948 the overall
project concept was dominant, and the subordinate
dam design followed empirical rules; between 1948
and 1968, the dam design was generally faced as
an essentially independent, dominant unit (espe-
cially when embankment dams were chosen), and the
embankment dam design became dominated by ideal-
ized soil mechanics theorization; from 1968 to
date the overall project concept reassumed domi-
nance, with a significant interplay of construc-
tion plant and logistics, the search for opti-
mized use of every possible material all the way
from big-size sound rock to highly plastic clays,
and the broad spectrum of alternatives offered
by the much developed industries of equipments
and materials. Together with the broader scope
multi-disciplinary vision, the recent geomecha-
nical trend has emphasized the problems of hete-
rogeneities, probabilities, questionably theo-
rizable foundations, "umbrella solutions", expo-
nentially increased costs of risks, and concen-
tration on investigations of unfavourable fea-
tures, but preference for dominating the feature
rather than analytically studying safe coexis-
tance with it.

One may envisage that when embankment dam en-
gineering of the postwar period began in much of
Latin America, there was much interplay between
saveral key factors: (1) the recent M.S5e. woil
mechanicians back from pioneer Harvard/M.I.T./
Urbana schools, with courses concentrated on a-
nalytic fundamentals, without chapters on pro-
fessional design, foundations, dams; (2) a di-
rect consulting influence of such figures as
Terzaghi and Casagrande, with no intermediate
&chelon; (3) the practising professionals, who
would fill the gap of theory-to-practice expe-
rience, bound to rule-of-tnumb pre-geotechnique
routines, unable to dialogue with either (1) or
(2); (4) the need to adjust (a) academic ideali-
zations of Boston Blue Clay, and Ottawa sand, to
very different local real soils, and (b) the a-
nalytic fundamentalsto complex professional syn-
theses; (5) the dearth of equipment and tech-
niques for soil investigation and testing, as
well as of research-development institutions in-
Tent at supporting regionalization; (6) the ad-
vent of wartime heavy earthmoving equipment,
alongside with the relative collapse of the hy-
draulic fill dam construction, earlier practised
in many dams; (7) the immense advantage of a
cauldron of schools of design and construction
practices imported from all over the world.

The chronologically natural sequence was to
have concentrated first on the problems of the
built embankment section, both because founda-
tion problems were mostly obviated by chosen
siting, and because the designed and constructed
embankments were amenable to the research-type
laboratory testing, and idealized theorizations
emanated from the Universities.

Experience with dams demonstrates that one may
subdivide the analysis of their problems and so-

lutions into three fundamental phases; those of:
(a) investigations, design-construction decisions,
specifications, inspection; (b) short and medium-
term monitoring, corrective and complementary
measures; (c) long-term problems and design aims
against long-term risk trends and events, Ob-
viously for each successive dam achieved, the
lessons from any and all of the three phases are
cycled back into the first phase of subscquent
dams ; therefore phase (b) should gradually reduce
to the psychological and benefit/cost acceptance
of manageable surprises. Meanwhile with regard
to (c) a regionally indispensable decision has

to be the attempt to engineer the features of

(a) and (b) inasfar as possible, so as to preset
the dam's features to conditions worse thanantici-
patable for the future and, moreover, to employ
designed-constructed features that should only
benefit from the passage of time. Nothing stays
constant with time, things either deteriorate or
improve, however little: all technical, socio-
logical, and general considerations lead us to
the design recommendation that in dams we can on-
ly rest content if long-term trends are engi-
neered for non-deteriorating tendencies. In the
following itemized summary of present design be-
liefs, the observational method Bayesian input
recycled from phases (b) and (¢) is discussed as
part of the state-of-the-art of phase (a).

It escapes the possibility or intent of the
present summary to attribute the developments to
specific sources and authors, local or foreign,
whereupon apologies are advanced to those not
specifically cited. Many of the most important
ideas sprouted simultaneously under independent
clinching thinking, whether or not fertilized
subconsciously by prior interactions. It is a
fact, however, that many developments that were
in use and published locally came to be attri-
buted to foreign consultants who learnt of them
in contacts with local long-standing practice,
and published them in dominant LEnglish language
vehicles, with an understandable emission of di-
vulging the authorship of a practice taken for
granted as already consensual. Some examples
were, for instance, the decomposition of grain-
size curves to check against non self-filtering
gap-grading, the abolishment of dense compaction
of chimney filter-transition drains, the erro-
neous or dispensable design requirement of a
filter-transition between core and rockfill or
rip-rap on the upstream side, the use of head-on
contact between clay core and concrete, the higner
than imagined phreatic and high-proportion head
loss in the smallest final scepage path 4cross
the higher-dam cores in approaching the down-
stream filter, and so on.

In the following presentation we attempt to
subdivide into four main items 5.2, Compacted
materials, 5.3. Interface problems, &5.4%. Foun-
dation treatments, 5.5, Misbehaviours and fail-
ures, and in each such item submit, with pro-
found apologies, terse comparisons of so-called
"Erstwhile and directly imported thoughts" vs
"Progressively adjusted and Presently presumed",
and although all problems continually interact,
in item 5.2. we try to observe as much as possi-
ble a professional sequence without formal sub-
division (A) Classification and pre-bid design,
(B) Specifications, tie of design intentions
with as-abuilding prototype (C) Inspection and
observation adjustments (D) Prototype behavior
analyses reflecting on design preconceptions.
Comprenensibly , 5.2. is taken in a sequence
of subitems 5.2.1. Core, 5.2.2. Filters-transi-
tions-drains, 5.2.3. US shell, 5.2.4. DS shell,
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5.2.5. Random.

5.2 Compacted materials, design cross-sections,
specifications, inspection

Deep horizons of unsaturated "red porous silty
clays" on the abutments of the early lower dams
(25 to S50 m high) automatically led to facile
use ofStandard Proctor-compacted "idealized ho-
mogenous clay-dam sections". Terzaghi early
(1947) introduced the narrow vertical chimney
sand filter drain slightly downstream of the
axis, connected with subhorizontal drainage un-
der the downstream zone. Concerns, tests, ana-
lyses, observed behaviors, lessons, and solu-
tions gradually evolved very much in the 40
years, calling for a succinct presentation:
merely for convenience this will be based on a
presumed optimized single-material cross-section,
with different optimized functional zones. On
such a background the different situations, both
chronological and of geotechnical and professio-
nal preferences,are more easily discussed. The
fundamental principle is to focus on the desi-
red ortolerable functional zoning, and, there-
upon, obviously to approve any condition equal
to, or better than, the one used for the refe-
rence section.

§5.2.1, Impervious core materials
Erstwhile and as successively directly imported

Regarding type of material, dominating trust in
plasticity chart classification. Search for
CL-CH, high enough Ip for "tough, non-erodible"
(subjective), presumed "plastic" compacted mate-
rial. "Red porous soils" of about 30 < w_ < 60 %,
slightly above A-line, sought with a compulsion
that in extreme cases ledto scraping together
20cm topscil up to 15 km from dam. Ban on MH-
ML associated with cracking, erodibility poten-
tials. "Residual soil" considered unfavorable,
presumed high Uconstr. Graing coarser than
sand, gravelly soils, not testable in 1.4" lab.
specimens, suspect, or tested via fines as ma-
trix: soils with more than =25 % cobbles

(= 5-20 cm) anathema, and/or giving Proctor 7T, >
2.1t/m3 questioned. "Clays" of Proctor peaks
Tg< 1.6 t/m3, w g, > 20 % questioned as weak
and compressible eend-of-conutructinn instabi-
lity). Keyword "clay" required perforce. No
hint of acceptability criterion via compacted
permeabilities (e.g. k < 10-5 cm/sec.), nor of
broad well-graded gravel-sand-silt-"fines" ma-
terials (with Standard Proctor peaks ™~ 2.2;

8 %) proving satisfactory. Materials of re-
quired excavations mostly wasted, irrespective
of sources, qualities, constr. logistics. Sa-
prolites set aside a priori, unknown therefore
preconceived bad.

In the 1970's a single additional imported se-
lective criterion summarized under so-called
"dispersive clays" with concomitant index tests.
Question initially posed as anathema, later
quoted as perfectly acceptable, with design
provision of fully intercepting filter (which
was, in local practice, sine-qua-non earliest
dominant design feature anyhow).

Conventional predesign tests, oedometer, per-
meability, triaxials UU, CU, few CD, as Proctor
compacted., Consulting mentors disregarded (and/
or distrusted) leocal test results, when they be-
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gan to be available (e¢. 195u). Routine "faith-
full" uses of these tests merely "settlement
analyses" (ignorantly, but conservatively, taken
for post-construction crest settlement camber
and freeboard), cross-dam seepage tlows (never
resulted consequential), dand slope stabilities
(this single concern constituting > 95 % of em-
bankment dam design and worry, exclusively
attended by flattening slopes).

Section pre-decided (by consultants), nominal-
ly "homogeneous", DS and US slopes predetermined,
about 1:2.5 and 1:3., Dominant feature vertical
sand chimney-filter (drained at foundation level
by pipes (!) in first few designs, later banned)
maintained running contest with symmetrical in-
clined-core filter-transition of widespread
earth-rock practice: curiously, changes of fil-
ter position and inclination never catalysed re-
appraisal of designs (Llownels, stabilities,
slopes) contradicting academically-based impos-
ing expectations. Circular sliding analyses
unquestioned for "end-of-construction" by UU
strength envelopes (both slopes), and "eritical
operational”, DS with full reserv. flownet, US
with "instantaneous" rapid drawdown RDD condi-
tion vaguely described: prudent starting prac-
tice hesitantly used CU strength and confused
stresses, both in analyses (e.p. removal of re-
serv. US face hydrostatic triangle). Rarely,
if ever, were results of these concerned local
analyses either discussed or considered for de-
sign changes: Consultants' dominant concerns
were high Yconstr. (cf. USBR prototype u moni-
toring of the time).

Note in passing (ef. Fig. 4a) that some impor-
tant cases avoided dncorpuration of collerdams,
and even required filling the intermediate area
up to cofferdam crests (with "random" traffic-
compacted soils, etc) "to reduce the effective
height of dam", which seemed strange consider-
ing the routine adoption of similar constant
slopes irrespective of heights. A concomitant
practice, presumed judicious but clearly unde-
fendable, situated the subhorizontal DS filter-
drainage blanket also above DS cofferdam crest;
$r>even max ., maximorum DS water level (cf. Fig.

b).

Around 1960 the concept of obligatory "zero
cohesion" was introduced with deep consequences,
theoretical and protessional. The questioning
(cf. Taylor 1948) of cohesion in "conventional"
clays as possibly "not being permanent" in long-
term, wWas well khiown, bul dts enley dnto ellec-
tive-stress analyses even for end of construc-
tion stability analyses brought added confusion
in already confused design practices; field ex-
perience dictated rejection of flattening slopes
of upper shallow sections.

In the 1952-60 period strong influences from
Imperial College implanted effective stress ana-
lyses: for end-of-construction, using the cons-
tant B = u /T2 hypothesis which greatly hurt
economy in shallower dams; for the RDD, an addi-
tional confusing analysis, that resulted inde-
pendent of dominant drainage design features and
used the Skempton-Bishop A, B pore pressure coef-
ficients, with assumed constant and very conser-
vative values. The perplexities and quests were
only local, since the Consultants took no notice
of either the publications or the resulting de-
sign analyses (see development further).

Construction specs, extracted directly from
USBR case-history records, "method specifica-
tions". Site apprenticeships discovered that
U.S. eclay inspection testing still using prin-
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cipally Proctor reedle, index of satisfactory
compactlon {anludang, especially, compaction
moistures, spec1f1ed in + x % to - y % differen-
ces around compaction test optima) with penetra-
tion resistances higher than, say, 20 kg/cm2.
Reference standards imported (a) Standard Proc-
tor (Normal), PN (b) Harvard Miniature, HM
(attempts, e.g. Tres Marias Dam, c. 1958 result-
ing useless) (c¢)Modified Proctor, MF, e.g. Volta
Grande Dam, etc., c. 1969. Starting reqd. 96 %
compaction, PC %, per layer, no mention whether
min. oraver. Locally interpreted as rejection
criterion, generated intense development of sta-
tistical controls, for homogeneity, minimizing
rejection-recompaction traumas, achievement of
aver. considered logical design aim. In situ
dens. testing by sand-cone method imported from
U.S., and from U.K. the speedy-moisture tester,
rapidly discarded because of gross errors, in
clays, and generally insufficient precision.

From 1958-66, with no correlation with increas-
ing dam H or different observed settlements re-
lated to soils, specs. incomprehensibly moved up
(e.g. 98 %,100 %, 102 % PC), accompanying not ra-
tional needs but achievements of heavier equipment
and reduced litt thicknesses. Unquestioned ex-
cellent inspections and performances have been
losing out to diffused published academic con-
cerns, and lnexperlence of rapid turn-over of ju-
nior field engineers: increased wasted costs.

Minor sector attempted introducing MP specs.,
reducing reqd. PC % (e.g. to 94 %, 96 %) but re-
taining same form and numbers for moisture range
specs. Suggestion diligently investigated by lo-
cal geotechnicians, understandably concluding
strongly against.

In 1958 imported Hilf method for rapid mois-
ture control, millions of inspection test data,

and consequent developments inte Hilf-Proctor
concept tests and valuable practical improve-
ments (see further).

Imported firstly (c. 1954) Casagrande plezcms-
ter and USBR cross-arm settl dev;ce. Rejection
of the former for Uconstr. sily argued (c.
1956). Imported Mayhak electrical piezometers .
(¢. 1957) and London USBR double-tube piezome-
ters (c. 1958) to demonstrate inlransic starl-
ing error of two-way flow cell, Imported (c.
1970) the Hall pneumatic cell.

Inclinometer (e.g. Slope Indicator) introduced
e. 1970, repeatedly used, almost generally with
no useful indications, only significant added
expenses of installation and, principally, as
with all instrumentation, long-term efforts of
zero benefit/cost ratio. Recently (c. 1984)
introducing horizontal profilemetering (e.g.

BRE etc,).

Regarding design behavior and analyses, one
regrettably notes the net impression that no
pr'ofitable geotechnical desipn indications were
clearly imported post-1965. Apparently justi-
tiable that almost all publicatiouns perlained
to (a) case-history descriptions without extracs-
tion ol theses (L) casc-hisluries roeporting un-
usual or undesired features, similary unproduc-
tive for generalization (¢) academic proposals
for eureka analyses, without bachup against
practical experience (d) self-justifying analy-
ses of single cases to back a hypothesis (e) pa-
pers on how given case essentially matched pre-
dietions, i.e. demonstrating preference for
falling-in-line as against the difficulty and
courage to postulate revision () etc, Notice-
able exception is the clear concept of core com-
pressibility silo-effect hang-up; especially in
wet-compacted earth-rock dams on shifting from
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dumped to compacted rockfills (Scandinavia): and
very preliminary concepts of hydraulic fracturing,
cracking, segregation, self-healing of cracks,
etc..

Never have cases been presented discussing al-
ternate design choices and quantifiable accept-
reject criteria of how the final design preferen-
ce was reached, a point which is the si prio=
rity need of every geotechnical dam englneer.

Progressively adjusted and now presumed-adopted

At start, light excavation plant generally main-
tained borrow pits in upper clayey horizons
SPT < 10, unsaturated, easily compactable, of
"granular behavior" until handled and compacted.
Disintegratable soft rocks reduced to powder and
then compacted (e.g. Tres Marias, 1959). Since
beginning, however, even when correcting tests
to avoid any drying or reuse of same portion, no
direct significance was found from conventional
classifications, either grainsize or Plasticity
Chart. Besides questioning significance and re-
producibility of destructured-deflocculated-plas-
ticized grainsize and plasticity tests in resi-
dual soils and millions-years-aged tropical sedi-
ments, rapidly discovered erronecus keyword names
of index clasification: for instance, "high plasti-
city" (high Ip) eclays mostly produced toughest,
friable non-plastic compacted materials (ef. Fig
5, from de Mello 1973, '80, distinguishing bet-
ween essence of plastie nature and plastic state,
showing that (g, only reached conventional plas-
tic state >0, in range of 5 <Ip < 22), Slightly-
clayed fine sands from totally weathered eolic
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sandstones gave ideal impervious compacted pro-
duct, resistant, incompressible, non-shrinking,
although also rigid. BDecause of non=-pulverizing
fiald plant logliatice, the alightly toughar Cil
borrows 7 £ SPT <15 produced some questioned 'core
zones", less impervious than the silty MH selec-
ted for corresponding shells and similarly com-
pacted.

Classification directly by compaction test po-
sition on locus of peaks found preferable, despi-
te many cases of great distinction between lab
and field compactions, through widely different
nucleations and disintegrations at play. Someti-
mes necessary to check shrinkage limit woid ratio
vs. compacted void ratio, problem ofdeep drying
shrinkage cracking and accompanying dangerous re-
duction of transverse 05:=K,{ condition diametrica-
lly opposite to beneficial compaction OCR which
increases important residual K;. Since earliest
cases (1953-8) becauseof scoldings by consultants
on construction inspections, lab-tested for (a)
swelling potentiality for sealing cracks (b) mi-
nimum overburden consol. press. for "rewelding
adherence" on clay-rock or clay-clay slickened
unscarified planes.

Residual soils of rocks containing widely dif-
ferent grain mineralogies much preferred, prob-
lem cases being residuals and saprolites of some
homogeneous sedimentary rocks. Appearance of "ex-
cess mica" problem, shining on surfaces of com-
pacted lifts, found much overrated in granito-
gneisses and even some schists-phyllites: vrare
bonafide % mica test data, quoted tolerances in
specs. (e.g.<5%) generally bluff. Very highg
(> 38°) tested (Vicksburg 1975) in alleged very
micaceous gneiss-saprolite (Paraibuna Dam):result
predicted as logical, by dominance of very angu-
lar quartz grains.

Rapidly transparent dichotomy of theory-prac-
tice in disciple-consultant attitudes (¢ > 1960)
generated intense secret queries and efforts to-
ward logical compatibilization.

"Dispersive clays" much searched by tests,most-
ly not found, or yielded contradictions: oxidi-
zed ferruginous inactive tropical clays saem jus-
tifiably exempt. Opposing camps still debating
in the fertile confusions generated, with inter-
play of topics persisting subjective or inevita-
bly difficult to quantify, type of material,
eracking, erosion, filters, etc.. Problem of
"dispersitivity" of "clays" (or "fines"?) is pres-
ently suffering absurdly from having been em-
braced by geotechnicians on dams, under great inev-
itable dispersions and confusions on micron-size
behaviors at zero stresses: even geothechnicians
unprepared with deep intuitions on colloid-chem-
ical tested behavior trends, and colloid-chemi-
cal theoreticians stumbling on near-solid state
behaviors controlled by dense physical active and
inert grain-structure contacts, become stifled
in face of the presumed multi-boundary-interdis-
ciplinary problem, if it exists at all. Meanwhile
ignorance invited standardization-labelling by
the unprepared, and offers a fertile field for
conjectures around spotty irrefutable observa-
tions at surface (at zero stresses). Is not the
respected requirement, to avoid any significant
zone of the dam trending toward zero stress con-
ditions?

Laterite concretions, or cobbles-gravels, or
rock fragments, found to help core compaction
and behavior (mechanical stabilization in wet
conditions (Jemp>1.15 (g, up to % content (e.g.<
30%) that doesn't impair impervious matrix).Pow-
erful excavation plant (loaders etc.) permits



exploring pits deeper than SPT =50, with in situ

¢ higher than compaction T, : compaction beco-
mes misnomer, spreading and compaction plant re-
presenting partial remolding, some disinregration

some pressed contacts between high-neminal-precon-

solidation chunks. Sometimes imperceptibly deepen
below saturated horizon, requiring care OnN uUconur
generation. Presently (c > 1975) insist on borrow
investigations checking in situ percent satura-
tien, and compare in situ wvs. fill compacted dry
density to distinguish between compaction and
undesirable remolding overcompacting slickens id-
ing.

Weathered rock transitions similarly handled,
including ripper as necessary, and principle of
minimizing disintegration beyond minimum need ob-

taining impervious matrix. Kippability investiga-

ted, SPT borings and published geophysical indi-
ces proven easily misleading: (a) greatly in-
creased excavation energies available (b) depth
effect higher SPTs eliminated by wide pit excava-
tion (c¢) ripping much conditioned by tooth-grip
on released joint planes, andminimal delay for
release effects.

Standard Proctor, PN, preeminent as reference
for PCY construction specs.. MP introduced unde-
sired confusion, no benefit, only detriment from
duplicity of indices, especially as used, lacking
adjustments and comparisons between each other
and with field reality. So-called wet-compaction
on MP may be dry-compaction on PN; adjustment
for lower energy peak (e.g, 9u% MP =~ 100% PN)
would require shift of U, (e.g. U, MP=0,35U,,PN),
Fatter clays unable to agsorb the much highep
MP applied enerpgies: when drier, obliged for traf-
ficability bearing capacity, problems of higher
compaction gradient across lift, when wet, much
over-compaction slickensiding, especially danger—
ous with laminar clay-minerals. In basalt clays
needed to restrict equipment weights, pressures,
energies(including hauling) below PN to decrease
below-surface laminations. Thousands of data
from inspection tests in many dams, repeatedly
suggest better statistical match of field com-
paction curves (slightly flatter) with PN peaks.

Important to distinguish between impact applied
energy in rigid confining mould, four times higher
in MP than in PN, and net hysteresis absorbed
energy in field, in eyelic loading-unloading de-
formations of successive passes, dominantly in-
cluding shear deformations, much more so under
heavier equipment passes: the difference between
lab index test and field behavior grows rapidly
with increasing pressures, energies, impacts etc.
Categorically reject MP referencing in silty-
clayed materials, in saprolites etc. of grains
subject to crushing and declustering, etc. Note
that in elayey unsaturated residuals and sapro-
lites, entire history of field behavior, from
borrow excavation, construction, through long-
term operation, is controlled by soil clusters,
all the more so as more powerful equipment has
advanced into facile use of denser (SPT > 50 etc.)
horizons. Lab tests on powdered soil growingly
lost any correlation with field-extracted beha-
vior parameters. Regarding economics of compac-
tion of multimillions of cubic meters, we lack
crucial data on dimishing returns of increasing
applied energies (construction cost) as reflect-
ed in significant endproduct behavior and design
(benefit) parameters: the diminishing returns on
the erude lone index parameters of dry density
and compaction pore pressures and suctions have
much data, but scattered undigested.

Regional problems led to rejection of U.S. "meth-

od specifications" in favour of "end-product
specs with supggestion of methods for achieving
aims", admitting and inviting Contractor's expe-
rience at his risk-cost of the burden of proof.
Very varied origins of imported equipment, and
importing difficulties etc. forced this policy,
which alse concurred with desired rationale of
link between design tests and constructed-inspec-
ted realities; method specs, irrational in this
matter, suspected partly responsible for many re-
ported failures of lesser U.S5. dams, Corollaries
resulted as rapid abandoning of USBR sheepfoot
and 50-ton rubber-tyred clow rollers, substituted
by surprisingly better fast-travelling(12-15kn/hr)
ghort-pad self propelled "vibratory" (really im-
pacting) rollers from Sweden, even in so-called
fat clays which should have preferred "kneading
compaction".

Dimensionless graphs of PC% vs. AWy W), in most
soils tend to superpose approximately, all the
way from (J,, ~8% to W, su5%. Concluded thus,
that in inevitable variations within pit, and
from dam to dam, specs of fixednumerical Ab) o toleran-
ces are conceptually wrong: great advance uses
specs of moisture range as fractions of respective
Wopy» Wet ions used in range e.g. (1.0 to 1.1)
Wopr» @and dry (0.92 to 1.0)Wgp ¢ "fat" basalt clays
(Jop=40%) have done well, with rock fragments, up to
1.1§LL,.{SalnnSanriago 55m saddle dam, c. 1978).

Harvard Miniature reference compaction test a-
bandoned c. 1960, difficulty of jointly adjust-
ing peaks of'candqp,uith field compaction cur-
ves (Tres Marias, Paranca, Santa Branca dams).
Regarding valid lab research contenticas of im-
portance of different "structures" of compacted
clays (e. 1957-'9) two objections arose: manifold
differences encontered in behaviors as computed
from any-all lab tests and prototype behaviors
(better), making different tests a minor second-
order concern: also as emphasized (e.g. de Mello,
1980) field compaction involves cycles of bear-
ing l?dpac.i.ry compressions, whereas any lab com-
pactions with rigid moulds are quite different,
confined. Matching water contents and compaction-
precompression dry densities in lab and fields,
+i8 no more than a first-order index,

Construction logistics shows that 1lift thick-
ness spec must be used as a rejection criterion
maximum, as spread, and definitely not as com-
pacted, since reducing spread lift is part of
construction routine, Attempts to increase lift
thickness (e.g. above 25 or 20 cm max. spread)
gave high PC% gradients top-to-bottom ef layer
(e.g.APC =2-5%): multitudinous statistical data.
Drier and higher PC% work gives greater APC gra-
dient. In soils with e¢osarse contents, recommend
use of MP-size adjusted control tests (e.g. Sao
Simao dam, o. 1973, ete.).

In design analyses started with end-of-con-
struction stability by UU total stress. Parallel
analyses using pore pressure tests always con-
ceive separating “preparation, preshear', phase
and shearing phase, both of specimen and of limit
equilibrium analysis: preparation phase handled
either by anisotropic consolidation or by effec-
tive stress state deduction. However, for shear-
ing phase, reasoning on impossibility of predic-
ting rate of shear, and shearing Au along slid-
ing surface at ctliding instant, all design anal-
yses computed two limiting FS values, upper one
using assumed drained, and other assuming "un-
drained envelope" strength expressed as function
of "preparation phase" consolidated stress: real
FS given as within the range of tha twovalues (cf,de-
tails, at end, on sample-specimen-test suggestions
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corrective of conventional routines of c¢. 1960-'5)
For both US and DS slopes critical operating
conditions introduced as incremental stress tra-
jectories superposed on end-of-construction,and
compellingly dominated by critical flownet stable
hydrodynamic pore pressures, with compacted spec-
imens subjected © seepage saturation. For DS slope,
rapid shearing should be illogical if due toslow-
ly generated flownet: but rapid flow throughdis-
continuities and cracks, and prudence regarding
catastrophic eventual DS sliding impose (a) pre-
ference for filter-drain positioned avoiding ef-
fect to DS mass (cf. de Mello 1977) (b) recogniz-
ing risk of rapid shear AV—~Au, though not with
seepage saturation. Thereupon for DS slope long-
term unstabilization could only be generated by

slow incremental changes of flownet and/or of
strength (saturation, etc.), thus (almost) vali-
dating drained effective stress analyses unless
soil subject to structural collapse under stress=-
strain-time trajectory.

For US slope, critical operational condition
introduced via tendency to incremental effective
stress trajectory change from stable hydrodamic,
max.reserv, WL flownet ("preparation state" for
compacted elements subjected To seepage satura-
tion) to instantaneous transient RDD flownet:
instantaneous tendency to change of respective
volumes generates corresponding transient u su-
perposed on RDD hydrodynamic flownetfu. Both flow-
nets compellingly dominated by boundary conditions
of section's filter-drainage features. Emphasize
ti.at first-order solutions (e,g. Bishop 1952,
Lowe £ Karafiath.19%9 etc.) could suffice, conser-
vatively, in oldfashioned design sections, but
far from acceptable in engineered designs employ-
ing real advantages of filter-drainage or non-ex-
iting filter pressure equalizing features (de
Mello 1977, '79). Change of conditions from first
to second flownet logically instantaneous, incom-
pressible fluid if-when saturated. Finally, as
exemplified in Fig. 6 in representative research
tests (cf. Souto Silveira 1969), use of A, B
pore pressure coefficients difficult to adjust
judiciously or justify.

It is of interest that the meticulous research
testing was prompted by questions discussed at
Tres Marias Dam, and, despite some questioning
that subsequent and present-day refinements could
suggest on the 30-yr. old techniques, the basic
points of Fig. 6 remain: (a) curved statistical
regressions ably reproducing u as f(0y, G -0y),
therefore usable for predicting design u values;
(b) no linear behaviours justifiable, the prin-
ciple of the A, B coefficients having been an
idealization requiring adjusted continuous varia-
tions. Attempts to predict u using constant A, B
coefficients lead to absurd differences.

US slope presumed mostly over-designed: evi-
dence of high reservoirs emptied in few hours
due to overtopping failures supports the other-
wise difficult-to-confirm postulated behaviour
(cf. for ex., Fig. 8 case, mentioned below). It
is still a challenging debate, and viable proto-
type testing dis being designed bypassing via
other civil eng'g. works: the intent of our re-
port is to stimulate debates which matter much
to our staggered economies.

Strength equations adopted have long-since em-
phasized compaction precompression and curved
envelopes for OCR> 1, Neglecting cohesion, using
constant B coefficient, and using outmoded RDD
analyses heavily penalizes long low abutmentdike
sections: moreover long-term secondary compres-
sions and ferruginous cementations favor true
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cohesion, Higher PC compactions show up mostly

in higher compacted pc values, much dependent on
A0w%, compaction u, and overcompaction. Borrow
pit and fill compaction testing are very import-
ant, both relying on wet unit wt. (driven cylin-
der, calibrated nr. of blows for penetration giv-
ing first indication of adequate consistency) and
on Hilf-Proctor test for Aw%. In borrow, import-
ant to interpret from T, and S % whether soil
(air pores) will be compacted or merely remolded
and shear slickensided. In fill, great import-
ance to overcompaction horizontal slickensiding
at 20-40 cm depths, in near saturated condition.
Recent inspection specs suggested include traffi-
cability (too dependent on vehicle wts. and tyre
pressures), suction measurements (sensitive to
tip installations, high dispersions) and portable
penetrometer resistance (danger of no indication
on slickensiding anisotropy). Recent wet compac-
tion brittle rapid failures explained by high
pore pressures (average): emphasize probable
erronecus back analyses that forced lowered

dual @' using interpolated u values, when problcu
lies in higher localized u along shearing plane
typical in rapid brittle sliding. In overcompac-



ted Nhangapi, Saracuruna (c. 1961-63) and Itauba
(c. 1978) dams and Agu (1981) failures (cf, Capr-
sington 1984 ?), on inspection prying field
slickensides in tension always found sheet of
free water, doubtless contributor to skiing ef-
fect. For pow$ inspection testing improved Hilf-
Proctor technique (theoretical regression of lo-
cus of peaks, obviously directly dependent on
Ts» Buggest analogous to S % curves, BE <S5 <91 &)
and correction graph (cf. Fig. 7). Infrared
ovens give W4, for checking Proctor classifica-
tion, within 25 mins.
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Prototype behaviors mostly excellent. In instal-
ling Casagrande piezometers about 10 m upstream
of completed higher (e.g. 70 m, Tres Marias,
1961) dam vertical filters, confirmed hydraulic
fracturing huge losses of drill and pumped-in
water. To the contrary, in inclined cores with
no hang-up confirmed theoretical prediction (de
Mello, 1877) most (=75 %) head loss in final
(~25 %) flowpath before filter. Some cases of
aergbic limonitic concreticns recorded in Ds
drainage blankets when not permanently submerged:
present designs prefer such drains under maderate
permenent head.

Regarding sampling, testing, and extracting
fundamental parameters for computational validat-
ing design decisions, attention concentrated on
shear strength, deformability, and permeability.
Question of utnost importance for design has
been tie extraction of test parameters for pre-
dictions of performance. Design really employs
parameters: and computations aimed, not at target

predictions, but at not erossing the presumed
safe-unsafe boundary: that is why designs pro-
ceed despite ever-insufficient knowledge and re-
finement. Terribly important, however, is the
commitment, controlling econcmy, to narrowing
the gap between quantified predictions and ob-
served performance, and therefore lop seehing a
progressive conscious revising school, as was
the SHANSEP for natural clays. The publication
of test routines in authoritative books caused
4 great setback to design practice, principal
contributing factors being the commercial and
prestige inertias of oversize owner and design
companies in erystallizing conventions as dogmas ,
and a cultural error of confusing civil engineer-
ing technology-art, the art of opting for the
good enough transient and temporary knowledge-
solution aimed at avoiding undesired bound of be-
havior, in comparison with the scientitic basic
truth to be built upon. Intervening groups,
when distant, aggravated the problem by respect-
ing prestige exponentially proporticnal to the
distance, and economy-commitment inversely so,

0f the three principal parameters listed, only
the last two have gathered wealths of consistent
and significant documentation. Construction pe-
riod deformability (settlements) should appear
easily tested, but real behaviors have been a-
bout 3-7 times more rigid than as extracted from
lab. molded specimens, and undisturbed block sam-
ples from compacted fill, Propose, for instance,
that field sample should be tested in triaxial,
but specimens of x % PC being carried to (x + Vi i
(x + 4), (x + 6) $ PC under (7,,0,) stresses, in
order to test under controlled Specimen-prepara-
tion conditions, for obtaining the behavior at
X % PC by back-extrapolation. The undisturbed
specimen-preparation should be achieved under cy-
c¢les of (A0, ,a0,), until desired PC $ reached:
the AU, estimated approx. through Kig 0% 5 wath
Ko— K, ; thereafter 0, should be reduced to
2ero at constant velume, with 0, adjusted as
needed. As established over 30 years, the assump-
tions of undisturbed sample specimens as represen-
ting "intact soil element" conditions are defindte
ly unaccepted, and increasingly so in stiffer ma-
terial, and with insufficient suction to contain
strains. Research comparisons needed, abolisning
presumed oedometer strain-control, and seeking
stress-control testing, clear of disturbances
around sample and specimen fabrication conditions.

Construction-period potential unstabilization
preferred analysed by total stress and UU tésts,
but with important proviso of using curved
stren%th envelopes and incremental analyses of
AFS with rise of fill A%Z: serious cases of fail-
ures have been associated with myopic linear con-
cepts, rapid incremental reductions of FS in fin-
al stages having been tatal even with good pore
pPressure instrumentation. Insist on tallacy of
average Uconst. piczometer observations as indi-
cative of developed u along failure surface at
failure instant. Back-analyses questioned,
leading to low ¢' (and #',, ) values, presumed be-
cause of lower than probable intervening u values:
important to recognize non-circular (essentially
cycloidal) failure surface, subvertical transi-
tioned into subhorizontal, and frequently inappli-
cable average strengths because of horizental
weaker plane and significantly different strain-
ing (a) from recent top to earlier bottom (b) at
low rigid vs. high plastifying confining stresses.
Have progressed to preferring brittleness estima-
tion by different slopes ol stress-strain curve
before vs. after peak (cf. de Mello 1977) in
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lieu of Brittleness Index proposed by Bishop (ra-
tio of peak to ultimate strengths).

Regarding DS zone long-term stability, empha-
size important fully-intercepting inclined chim-
ney filter-drain, avoiding perceptible unstabi-
lizing factor from reservoir flownet. Benefi-
cial effects of secondary compressions, even mi-
nor, and of cementations, have not been consi-
dered, but must besignificant (e.g. inferred from
eroded stable 20 m vertical scarp of Euclides da
Cunha dam, 1976, when failed by overtopping be-
cause of spillway misoperation. (Fig. B, photo) .
Great economies foreseeable if/when supported by
ngedud research, especially in snallower dam sec-
tions.

Figure 8

Since 1952 attempted testing pseudo-saturated
specimens for operational stabilities, firstly
using forced seepage tendency to saturate in
triaxial conditions. Back pressure saturation
(since around 1960) undisputably accepted as
boundary engineering solution. Reject arbitra-
ry convention of pseudo-saturation at 100 psi
(7 kg/cm2, bars) employing successive B checks
by Au /AT until reaching 100 $. Micro airpores
have been evidenced both by much higher (10-15
bars, etc) frequently required for achieving
B=~100 %, and by frequent sine qua non need to
back-pressure saturate first under low U}.'%_-
fore applying desired higher O3 (for UU) or Oj
cons. (for CU). Reflect the tremendous damage to
project economics in cases of low reservoir
pressures and/or shallow potential failure sur-
faces, conditions absolutely incapable of being
saturated. Much research needed on all triaxial
tests (including cyclic etc.) for correction
factors referred to conventional fully-saturated
tests, in conditions of small (3-8 %) percent
air-pores and inevitable time-lags, of develop-
ment of u, and of transmissions and recordings
thereof (in lab specimens, and in prototypes).
In stability analyses of any material subject

to significant strain-softening (rare) and
strain-dilatancy or strain-compression, have
found imperative the use of upper-and-lower-
bound analyses: one via effective stresses with
presumed pore pressures, and the other with ani-
sotropic consolidation to pre-failure potential
cause, followed by constant volume quick shear
total stress incremental effects.
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Homogeneously compacted dams higher than compac-
tion precompression pressures present greatly re-
duced permeabilities (cf. de Mello 1977) at great-
er depths, altering idealized flownets. Regard-
ing effective permeabiliticu, signal the roughly
100-1000 times lower lab permeabilities on pow-
deved-compacted lab specimens compared with field
masses of clayey clusters compressed into inter-
face contacts: meanwhile field tests frequently _
adulterated upwards by suctions, hitnerto not in-
cluded in idealized equations for interpreting
flow-time results.

5.2.2, Filters-tranzitions-drain:
Erstwnile and as successively directly imported

The quality of filter materials was always speci-
fied merely on the basis of the Bertram-Terzagni
criteria for the grainsize at the Djs¢ , Which
was interpreted to incorporate obligatory upper
and lower limits, D s € 5Dgsp 50 as to guaran-
tee stereometric hindrance by the pore size, and
Disr > 5054 intended to guarantec that the
seepage velocities in the filter be automatically
much lower (= 1/25, if k = 100 D42 (Hazen) =
100 D;s2) and therefore themsclves not subject to
movements under the scepage stresses. Compaction
requirements were automatically copied from USBR
specs of >70 % RD. The width of telerance 4at the
bigger grainsizes was much discussed, between re-
quirements of uniform material, parallelism to
base-material grainsize, or preference for broad-
er grading (limited by fears of segregations).

Great geological difficulties of procuring de-
sired materials imposed frequent use of crushed
rock fines and mixtures with fine sedimented sand
(uniform) from weathered widespread eolic sand-
stones: experienced practical difficulties of
perfecting mixing of composite grainsizes from
very different grain shapes (angular vs. round)
and densities (basalt vs. quartz etc.). Gradual-
ly generated own questions, and nominal design
answers, both exported to international circles,
on: (a) filter criteria critically reexamined;
(b) grainsize gap-grading; (c) compactions real-
1y preferred and/or necessary; (d) transitioning
not merely in seepagc croslun, but alse in de-
formabilities and strengths; (e) important need
to wash silty-clayey fines from chimney-filter
material obviating tendency to accumulate at
bottom, clogging abrupt change from subvertical
to subnorizontal drainage.

Early designs never discussed drainage capaci-
ty (obvicusly) only affectable by core cracking
and by foundation scepages, especially in abut-
ments. First designs used pipes, and sought
free-flow condition at base of chimney (later
undesired because of aercbic limonite deposi-
tions). Later, for some years, trend requiring
thick (0.8 - 1.2 m) layer of sand: generated
practical discussions, ref. need to spread and
compact in single lifrt, criticized by some Con-
sultants ref. insufficient compaction transmitted -
to base, submitteéed as crilical Lo seiamie lique-
faction (N.B. postulated by curselves as most im-
probable because of unsaturation).

Present situations

Experienced gap-gradings in mixing led to index -
criteria for quantifying gap-grading in natural
materials (cf. de Mello, 1973).

Larly recognized that stercometric filterin
of coarser representative base grains had t
by representative finer pore sizes of continuous



grainsize rilter materials, and Brazilian school
(A. Silveira, c., 1963 on) generated the quest for
probabilistic representations of pore sizes,
spreading worldwide quests. Porosimetry of re-
sidual soils, with dominant macropores, remains
major factor uninvestipated.

International papers recently reported multi-
tudes of filtering, clogging, and washing-through
tests, net trend being toward validating Bertram-
Terzaghi eriteria. Important theoretical and
practical limitation of those tests must, however,
be emphasized. de Mello always (c. 1958 on) em-
phasized probabilistic nature of grain arrange-
ments of any frequency distribution curve (e.g.
grainsize), and especially extreme-value local-
ized conditions (a fortiori by segregations
etc,) as conditioning starts of piping. Fig. 9
plotting Sherard's (1984) test results of points
empnasized as being of clear-cut non-failure/
failure conditions firstly seem to ratify that
the Bertram-Terzaghi criteria of boundary specs
should be generally satisfactory. However, the
inexorable very broad dispersion of a criterion
supported on a single simple index quantifica-
tion (D se/dgsy) raises statistical-probabilistic
suspicion: moreover, the apparent trend of de-
creasing ratio at failure in coarser materials,
although seemingly contrary to intuition, calls
for investigation-explanation. Fig. 10 employs
the same test data, but using (indiscriminately)
a Cumbel extreme-value (cf. de Mello 1977) pro-
bability paper of extreme urban flood recurrences,
and separating the tests on sands-gravels and
those on silts-clays. The trends and regressions
seemof interest and impact: the conclusions would
derive that Beprtram-Terzaghi criteria would incor-
porate 20 % and 0.5 % extreme-value probabilities
of piping failures in sand-gravels, and in silt-
clays, respectively. However, in one step fur-
ther Fig. 11 uses a much broader spectrum of pu-
blished test results, distinguishing with regard
to directions of seepage effective stresses: al-
though all tests were performed on specimens con-
tained in rigid moulds (which is far more favour-

able than in prototypes subject to shear/bending
deformations of the relatively unconfined core-
filter interface), and used smooth-rigid core-
filter interfaces (greatly reducing probabilistic
ercsive failures), it is of interest to note in
Fig. 11 the significant (although short term) dif-
ferences between three conditions of flow, vertic-
al downwards (compressive), horizontally, and ver-
tically upwards (expansive). :

The topic of filters in prototype conditions
seems doubtless bencfited by trends to auto-stabi-
lization (cf. de Mello 1977), and thus mostly ac-
ceptably solved: lowever, the geotechnical-proba-
bilistic behavior is irrefutably far from reascna-
bly investigated.

Downstream subhorizontal drainage blankets have
been often employing sandwiched coarser layers
(expensive) for much increased drainage capaci-
ties on semipervious tropical residuals, sapro-
lites, laterites: important internal impervious
blanket (cf. de Mello 1977) together with strong
impermeability gradient under central highly load-
ed zone, and with shortened drainage blanket, pre-
sent obvious design-performance improvement. In
gome dams the expensive, prudent, DS sandwich-fil-
ter-drain has proved quite unnecessary, all the
foundation seepage existing within the decreasing-
ly compressed foundation horizon towards dam toe.
Must note some design preference for aiming at DS
drains operating saturated, avoiding aerobic crys-
tallizations and presumed (difficult, ?, in se-
quential reasoning) chemical (ferruginous) clog-

ing.
¢ I%clinad filters-transitions presently preferred
uncompacted, sufficient to maximize lignt packing
rearrangement under pad-vibration and copious wat-
ering (pretest principle vs. localized concentrat-
ed core-crack flows). Argument regarding potential
seismic liquefaction quite absurdly pessimistic,
considering very unsaturated filters-transitions.
These constitute principal hang-up feature, highly
undesired, a fortiori if unnecessarily compacted.
Design suggestion easily eliminates hang-up using
judicious longitudinal intermittent compressive .
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clayey cushions at intermittent height intervals, exiting or non-exiting (cf. de Mello 1977) filte

profiting of three-dimensional strain and seep- drains for pore pressure equalizations under
age redistributions, Uconst. and/or RDD u. Easy to obviate constr, pe
Regarding transitions under rip-rap, rapidly riod instability with dry compaction. Optimizec
concluded limited importance of strict filter re- US shell (especially in compacted rockfills) a-
quirements, principal functions being uniform voids settlements noticeably less than core, a-
stress distributions on embankment slope, so as voiding core hang-up.
to avoid erosion-vulnerable zero-stress areas, Experience with compacted rockfills advanced
and wave- buffering by well-interlocked gcontinu- greatly (Mexico, Brazil, Colombia, etec.): prin-
ous-transitioning grain and pore sizes. Great cipal points include acceptance of dirty rock-
preference for run-of-quarry single broad-graded fille (with provisos ref. fines filling, or not,
rock material, and inside-outward selective se- voids of coarser grain structures without inopor
gregation obtained by construction procedures, tune redistributions-displacements at first fil-
especially in spreading dumped loads into lifts. ing), preference for broad-graded multi-contact
rock fragments if clean angular and somewhat
crushable.
§.2.3. US shell Regarding acceptable quality and grainsizes of

material, it's revealing to interpret how the
early steps of soil mechanics testing and mis-
If the US shell is built-up of compacted soil ma- placed faith in its index tests introduced igno-

terials, much of the above, 5.2.1. Core, conti- rant and inoperative spec routines, reproduced
nues applicable, with easily interpreted adjust- blindly from project to project, merely because
ments on quality of materials, compaction specs, of subconscious need for test quantifications.
and some preferential distributions in the geome- Examples that still affect project costs and ab
tric-geotechnical section. Trends are easily surd specs and discussions must be cited. In
emphasized if one recognizes the compacted earth- shifting from high-lift dumped rockfills to
rock dam as dominantly preferred, with US shell layer-compacted rockfills, obvious trend was to
of compacted rockfill. The conditions sought are limit spread layer thickness: well recognized
of materials and compaction specs maximizing ef- better compaction (yielding smaller deformabili-
fective stress friction resistance. Because of ty) of thinner lifts (Note that rarely, if ever,
foundation permeability the base layer as compac- find recognition of superpositions of benefits
ted impervious constitutes a favoured blanket, of upper compactions to immediately underlying
which however must seek imperviousness without lifts, nor the indispensable discussion of bene-
impairing strength parameters: these are fre- fit/cost ratios): many, however, intuitively
quently optimized with SC materials and igneous gee big oversize rocks with presumed greater
rock residual soils with angular quartz grains friction angles, preferred in outer zones nearer
and ferruginous cations, factors proven to have slopes. Important recognition of each lift as
induced very high ¢' values. Somewhat drycom- inevitably and favorably comprising two sublay
pacted material preferred, only limitation being ers, lower with much coarser rock fragments and
avoidance of collapse settlements on first re- voids, thinner-upper with interlocked crushed
servoir and socaking, a problem of concern also fine rock and "fines". Given max. lift thic!

in cases of rockfills, clean or dirty. .US shell ness spec, the natural restriction should be
offers ideal possibilities of judicious use of Dmax not to exceed lift thickness: specs on
layers, lenses, chimneys, etc., interspersed as Daver are clearly academic, inapplicable, in.un
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Figure 11
sequent. In limiting the % fines, absurdly re- adds technical to economic benefit in comparison

sorted to grainsize rather than easily applied,
consequent, direct test, e.g. rough observation
of rate of disappearance of given water flow
poured from water truck, and washing of fines
into underlying coarse sublayer. Specs limiting
§ fines, and these as % passing sieve, expose a-
cademic geotechnician quite unaware of rockfill
and field realities: the criticism is aggravat-
ed if the % fine limit is on # 200 sieve, expen-
sive and easily torn, etc., too minute for sig-
nificance. Besides exposing engineer who has
never seen field operations and projects, also
denounce ignorance of experience of early 1950's
with boulder-gravel-till shoulders and cores
(e.g. Goshenenalp etc.) emphatically proving im-
portance of continuity of grainsize curve, and
its shape (e.g. concave upward, minimum pores).
With regard to compaction inspection, emphasize
importance of intergranular contact crushing,
imparting significant compressibility precompres-
sion behaviors. Dry density and porosity inspec-
tion tests only applicable in comparative terms
in same lift, much preferably substituted by
measurements of AH compressibilities of lift,
since the density-porosity indices greatly dis-
perse,affected by the grainsize in test volume
and even varied mineralogy and Ts of distinet mak
fragments (in basalts, 2.6 to 3.1 t/m3). Fore-
seeable great promise for rollers automatically
recording geophysical wave-transmission-receipt
horizontal moduli.

In upstream-deck rockfill dams, obviously in
general way the better compacted conditions re-
flecting in higher self-weight moduli (less
settl.) also tend to improve the really import-
ant reservoir-filling face deformations. How-
ever, second-order correlation not ppeserved:
using more economical steeper slope tends to in-
crease during-construction self-weight settle-
ments ,but face deformations under reservoir pres-
sure postulated as likely to be decreased, which

i

with present conventional practice. de Mello
(1985) postulates stability (Factors of Guaran-
tee compared with conventional Factors of Safety
of slopes of up to 2V:1H (two on one) in strong
angular rocks.

Influences of rock quality
vs. dry unconfined strength,
lues, not yet systematically
intuitively, some inevitable

index tests, wet
and Los Angeles va-
queried: data used
surprises.

5.2.4. DS shell

Principles affecting the DS shell -are mostly si-
milar to those applicable to the US shell, but
with overriding advantages, if the fully-inter-
cepting chimney filter-drain, somewhat US in-
clined, avoids any perceptible effect of reser-
voir-filling flownet on the unstabilized DS
mass. Designs that permit significant interfe-
rence of onset of reservoir flownet on DS slope
unstabilization should be rejected on basis of
risk philesophy: DS shell should resist judg-
ments by Factors of Guarantee, in light of ca-
tastrophic hypothetical consequences. Tropical
soil time effect micro-cementations, uninvesti-
gated but observable in natural conditions (if
expansions excluded), all-important in progres-
sively increasing stability. Must note addition-
al benefits such as unsaturation, suction, dila=-
tancy for shallower shear surfaces, etc.; call
for bold rejection of conventional stability
analyses postulating perfect (back-pressure) sa-
turation (inecl. for seismic cyclic tests etc.),
zero cohesion, ete: Significantly steepened
slopea have been and are usable., UU tests, long-
term secondary compressed, unsaturated, are ap-
plicable to long-term unstabilization analyses,
sliding hyPothesis often implying moving into
OCR conditions, stress trajectories automatical-
ly applying stress increases being questionable.
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5,2.5 Random

Various uses have been given to so-called 'random"
materials in zoned embankments. In principle the
acceptance should be of any material spread in
moderately thin layers (e.g. 35-50 cm) to be me-
rely “homogeneous", strength , compressibility-
deformability and permeability being of no con-
cern. Most uses have considered a presumed "sta-
bilizing weight",

Advances in dam designs over the past 30 years
have shown that theoretically no zone can dispen-
se all requirements of fundamental parameters.
For instance, DS of fully-intercepting chimney
filter, well within center of dam, one could
postulate great tolerance of strength and perme-
ability requirements: but not so regarding com-
pressibility. In fact, essentially all random
so-called stabilizing berms are inoperative, be-
cause they do not apply (soft) weights on the
mobilizable shearing surface, and add no stabi-
lization because of incompatible stress-strain
mobilization wutpared with rigid compacted materi-
al.

In practice, random zones inevitably become
much more expensive than presumed selective spoil
areas, no contractor accepting at zero cost a
selective spoil deposition, and no inspector to-
lerating a totally unspecified random placement.

5.3, Interface problems

Principal interface problems have included (a)
core foundation contact (b) upstream and down-
stream shell contacts (c) special considerations
of above on abutments (d) interface of compacted-
soil/chimmey-filter (e) mid-fill transverse con-
tact slopes, phase construction (f) galleries(g)
gravity section transitions.

5.3.1. Core foundation contact

Many core contacts taken to meticulously clean-
ed to so-called sound groutable rock surface: widths
of special sealing treatment have been decreased
from about 0.75H (c. 1955) to 0.25H (analogy from
narrow-core earthrock dams), fully recognizing
geometry quite irrelevant compared with varia-
tions of eventual crack widths (to be taken up
by grout). Doubtless worst, inoportune, work item
and source of discussions, complaints, claims,
delays. Slush and broom grouting, later expand-
ed into shotcreting, mostly required and used

in great exaggeration, associated with extensive
low-pressure area grouting, Must guard carefully
against generalizations, especially in light of
extreme cases such as Teton (1876) etc.: however,
vast majority of non-volcanic, non-karstic (etc.)
geologies haveasmprised non-erodible rock cracks
inevitably compressed under higher dam sections.
Even assuming core erosion to fill all cracks,
core material eventually losable absolutely
microscopic, irrelevant.

Debates on rock surface contact concerning alternates
of applying surface mortars inmediately before
spread of first soil layer, vs. significantan-
ticipation, creating rigidly set hard film. Ster-
ile subjectivities should be promptly unmasked
and objectively resolved, Former alternative
practically results in an irregular bottom film
of soil-cement, better recognized and provided
as such, if desired; latter frequently lacks ad-
herence on partially weathered rock surfaces,
and mostly results in incompatible rigidity bet-
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ween supporting rock and soft fill load, there-
fore suffering intense unsticking and cracking.

Great irregularities of cleaned rock surface
became inevitable, construction trauma, practi-
cally resolved by overdoses of dental and nega-
tive-slope concreting, and even generalized pad
concreting. In tropical horizons mostly prefer-
to excavate to geometric grades on dense saprali
te to weathered rock (e.g. SPT 310 + 0.25 (H-30):
respecting, and preserving unadulterated, the in
timate contacts between the saprolite and its
own parent rock, Often elucidative to reason a-
gainst additional layers x om thick, and discontinuiti
by interpreting in tne limit the foundation horizon ar th
core bottom being H higher or not.

5.3.2, US and DS shell contacts

The US functional requirement becomes limited t¢
strength parameters, particularly as related tc
sliding along the near horiz. plane. Early re-
quirements, as imported, comprehensibly very se
vere because of suspicions on shear strengths
of presidual soils and saprolites.

Experience and back-reasoning support signifi-
cant relaxing, although subjective precedents
offer continued hindrance. In construction peric
stability, tropical saprolites generally prove
unquestionable up to steep rocklill slopes (hig!
dumped rockfill slopes of 1:1.3 to 1.5 cofferdan
stand proof), principally because of instant con
pression, zero u const. , and improbable horimn
tal contact ecritical plane (except with greatly
reduced aver. strength) of viable sliding mass.
For reservoir operation must begin by emphasiz-
ing that much of US foundation behaves under OCF
higher strengths.

The DS support-contact function required repeat
approx. the above references, and adds preferen
ce for perviousness, obviously with piping-ercc
bility guaranteed as excluded: the gradual pemme
ability gradient toward DS toe because of trian
gular load compression (ef. de Mello 1977) is
most favorable. Surface compaction under DS fil
ter-drainage blanket should be earnestly set a-
side, because saprolites reworked and compacted
become much more impervious (especially vertical
and sealing effect against flowlines exiting in
to built filter-drainage blanket is undesired.
Almost generally observed localized seeps DS of
toe, in holes and/or areas, almost no case Wit
unstabilizing tendencies except in steeper abut
ment slopes.

5.3.3, Abutment support conditions, complementa
ry considerations

Unsaturated "porous' abutment supports for dam
tions posed deep concerns from the start, parti
larly inasfar as theoretical or pragmatic refer
ces inexistent. First (shallower) dams satisfi
with shallow narrow dozer trench(es) to "inter-
cept continuity of foundation-fill preferential
pervious interface". Accompanying then prevale
fashion of settlement cracking, first important
concern was of prospective large settlements, p
sumed big differential settlements of consequen
and associated transverse cracking potential.
vious acceptance of concept of foundation being
functionally equal to or better than overlying
(N.B., whenever possible) stumbled on problems
sampling-testing-interpreting for field accepta
criteria. ¥

Most subsequent solutions/problems occurred



through local experience (interacting with Con-
sultants' acceptance), increasingly higher dams
and geologic-geographic millions of sq. km. of
plateau of unsaturated porous abutments. Incredi-
blewealth of data-experience on SPT vs. (allow.
for pad foundations of hignrise bldgs. suggested
first indices for foundations acceptability:
well-compacted clay fills gave Brazilian S5PTval-
ues around 12-1B, and rough estimate suggests
that in situ geologically-aged material of 20-L0%
lower SPT would behave no worse. Later index on

foundation in situ PC% used experience fromscores

of millions of thoroughly inspected-tested-moni-
tored fills, indicating acceptability of in situ
geclogically-adged soils of PCY about 4-6% lower
than fill. :

In fact, however, construction quick settl.
surprisingly never led to problems, visible or
performance-detected, At Tres Marias Dam (c. 1958)
left abutment 9m thick upper horizon of porous
red clay (SPT=2-4, PC=~70%, S5,~70%), under 55-20m
section, predicted and observed quite similar
quick settlements, about 1,3m max. Tolerable dif-
ferentials argued by ourselves as not beingmore
stringent than the published Skempton-McDonald
{1956) criteria for cracking wall panels (brick,
reasoned more rigid than compacted clay). Accept-
ance criteria of about 1:100 longitudinal distor-
tions have been used with no further/better back-
ing.In fact, de Mello (1977) queried why abut-
ment settlements should be singled out for con-
cern, when at about 45% height major dams on rock
bottoms had upper 55% fills suffering analogous
quick internal monitored settls. up to 1-3m.
Layered construction, compaction residual stresses,
and head/flow less acrous minimally thick highly
impervious compacted soil presumed to contain
justification of apparent no-crack behavior. Pub-
lications never qualified tension vs. shear crack-
ing, but locally emphasis was persistent on the
important behavioral difference, only the former
being critical,only possible in upper parts (low
stress zones).

Second concern regarding abutment soils cen-
tered on permeabilities. Very high anisotropies,
sometimes dominant vertical because of macropores
(roots, infiltrations, insects-animals ete.),
sometimes dominant herizental (geologic strata-
horizons) differently faced/treated (cf. item
1.4), Worst problems encountered in shallower
sections higher up, more matured subsoil, and
embankment loading insufficient to compress be-
yond the "nominal preconsolidation pressure",
Under higher embankments the compression/ per-
meability US-DS gradient under trapezoidal load-
ing appears to have constituted a boon: fre-
quent observation of DS flownet contained within
subsoil horizon, not reaching subhorizontal fil-
ter-drainage blanket.

Problem of collapsivity and consequent settle-
ment-cracking in reservoir first-filling raised
by ourselves (cf. Santa Branca Dam c¢. 1356, Tres
Marias Dam c. 1958), continues highly problema-
tic, between extremes of very easily excluded,
and so difficult as to require major solutions
(e.g. Guri Dam, Venezuela c. 1977) or responsible
for inoportune sudden wide cracking and failure.
SPT index totally unacceptable because of cemen-
tations, unless focussed on difference of SPT in
"dry holes" vs, sovaked: identification-quantifi-
cation problem persists partially because of col-
lapse by concomittant Astress plus socaking.
Double-cedometer tests seem too pessimistic,
stress-controlled triaxials preferred for col-
lapse estimation. OGreat differences derive from
differentiated depositions, cementations, and

rainfall infitration climatology. Simplified in-
dices from one region (e.g. USER) cannot be trans-
planted to other conditions.

Problem of very low strength parameters in back-
pressure saturated specimens belatedly (ref. e.g.
Tres Marias) raised great concerns on operational
slope stability (cf. Promissao Dam etc., c. 1874).
Test and interpretation procedures intensely de-
bated, and still calling for better elucidations.
Prototype behavior surprisingly heedless of theo-
retically-postulated danger: explanations pre-
sumed to include very gradual tendency to satu-
rate without achieving it, significant anisotropy
and OCR of foundation before flownet, test and
failure criterion interpretations etc.

5.3.4, Interface of compacted-soil/chimney-filter

Considering the pionecring condition of the Ter-
zaghi vertical chimney filter-drain, narrow be-
yond all precedents (e.g. 0.6 to 1.0 m), compre-
hensibly Brazilian practice cannot distinguish
between erstwhile imported impositions, and those
evolved. In tropical geology, deeply weathered
etc. natural sands-gravels mostly scarce, crushed-
rock fines require grainsize adjustments with
washing etc, and turn out very expensive, every-
thing explaining record-narrow filters-transit-
i0ons.

Three basic construction techniques used alter-
natively, much influenced by logistics of mate-
rials, construction, weather (shrinkage-soaking)
etc. Principal discussions and criticisms cen-
tered on intuitive contamination, well confirmed
not te exist: core CH/MH/SC chunks do not mix
dispersed within contiguous sand. Visually
cleancut construction uses shallow intermittent
trenching for refilling witn sand: vertical or
inclined equally facile, without/with displace-
ment at each step, superposition for draining
continuity easily guaranteed. Alternate expe-
dient advances with sand-fillet trapezoids, fol-
lowed by spreading-compacting adjacent clay lifts
by pad-type rollers.’ Third expedient, especial-
ly in multiple sideward transitions, uses deposi-
tion in subdivided metal box mounted on skids,
rear steel face windows automatically cutting to
desired heights.

Inspections as-constructed appear perfect, but
unplastified disintegrated interface of sand-
silt-clayey material may be undergoing minute
operational progressive crosion-displacement, hi-
therto altogether uninvestigated. Principal mo-
dern transition problem is of great hang-up of
differential settlements, raising questions on
shear accomodations, possibly impairing continui-
ties of contiguous "columns'.

5.3.5. Mid-fill transverse contact slope, phase
construction

Restrictions on slopes steeper than about 1 on 3
were initially imported, often still mentioned.
Locally never cbserved problem: in fact, ana-
logy from much steeper abutment contacts raised
question on illogical restriction. Argument re-
garding different loading-settlements en natural
abutments ve. recent-fill abutments also illogic-
al, because of wide variations, most often natu-
ral abutments being more compressible, Final
attenuation/discarding of concern given by nar-
row-core earth-rock dams, mostly much steeper
rocky abutments: also phase construction on-
river separation has been successful with core
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slopes on US-DS transverse section accompanying
(contained by) adjacent US and DS compacted rock-
£ill shells, approx. 1:1.3-1.5.

5.3.6. US-D5 galleries

Starting imported practice employed reinforced
concrete collars along external interface, em-
ploying "creepratio" calculations. Generally
recommended. independent steel conduit inside
gallery, or steel lining: obvious preferences
for US gates-valves.

Local and international practice early abo-
lished thecollars along impervious stretch be-
cause of practical compaction objections, and
intuitions on stress redistributions etc. unable
to force preferential zig-zag flow. Self-same
creep ratio criteria, jointly with flownet rea-
sonings, rapidly indicated much better solution
by using filter-drainage wrapping around DS
stretch of galleries.

External faces of galleries cbviously must em-
ploy slight "positive slopes" (forcing compres-
sion with settl.) and aveid proportionally high
"step", especially under lower dam sections
(e.g. <25 m), principal cases that gave problems
lacking compressive settls.

Steel linings mostly dispensed. Hair cracking
of concrete accepted as frequent, recognized as
presenting no problem, not solvable much more
cheaply.

5,3.7. Gravity section transitions

In this item the local evolutions have been so
great, theoretical-practical-economic, that sum-
marizing present successful practice should suf-
fice (¢, de Mello 13977). Gravity section
slopes have to be positive (approx. 10 on 1),
definitely with no dents or slope changes, re-
cognizing relative settls. of fill against face.
Early creep-ratio intuitions (absolutely inap-
plicable, variable from top to bottom ref. con-
tact pressure quality), and favouring of length-
ening impervious contact by US face wrap-around,
consciously abandoned, strong technical-economic
peasons. US face contact tends to open, because
of big-reservoir "pendular movements" of dam
(cantilevered on reservoir rock bottom), and be-
cause of slope obliquities of stress creep and
hydraulic cracking etc,, effects being increased
at more vulnerable higher elevs.

Head-on core contact (special "plastic" mate-
rials and compaction specs) against face not
oblique to US-DS constitutes present preference,
apparently well supported, DS edge and face
lined with filter-transitions. Obvious prefer-
ence (volumes-costs) is US/DS Compacted rock-
fills, slopes longitudinal preferred somewhat
steepened favouring time deformations compres-
sing against face.

5.4. Foundation Treatments

In tropical residuals and saprolites the rela-
tively rapid increase of consistency (incompres-
sibility and resistance) with depth, and the re-
lative ease of excavation to lower foundation
elevation, leads to the fact that the only treat-
ment required below the chosen support level is
for imperviousness, permeabilities being most
often much greater as one transitions from che-
mically weathered (saprolite) to jeointed rock
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horizons, partly weathered to sound. Geomorpho-
logical conditions have almost generally led to
central river channels on relatively sound joint-
ed rock, layouts employing mostly in-river hy-
draulie structures with respective grouting and
drainage features.

§.4,1. Grouting of jointed rock

The problem of water-loss testing of jointed
foundations, and subsequent cement grouting pro-
grams, was tackled with suspicious curiosity
since 1955 because it seemed to be the major
factor, of crucial responsibility end big highly
variable first cost in dam design-construction,
left as unquestionable, unquantifiable mystery.
In the Iberian peninsula where major arch dams
had been rising fast since c. 1947 it was disco-
vered that neither Owner, Designer, nor Inspec-
tion as much as inquired intc the subject: left
entirely to specialized grouting contractors; in
some ways the exponentially greater responsibili-
ty was fended by profiting of the grout-drainage
gallery; presently many cases of regrouting etc.
under way after c. 30 yrs. of monitored opera-
tion. The Lugeon Test, c. 1932 (5 m test
stretches averaging more, 10 bars applied gage
pressure) ruled alone, with a criterion of high-
pressure grouting all rock of water-loss values
higher than 1 Lugeon (1/min x m tor 10 atm): in-
tuitively conceded 3 Lugeon criterion for earth
dam foundations, presumably based on lower geo-
metric (i.e. average) gradients, although real
geometric gradients closer to about 25:1 for
concrete gallery case of grout-to-drain "cur-
tains" in compariscon with the then narrowest
earth-rock core bases. Perforation imposed ro-
tary drilling, intuitively banning cheaper per-
cussion drilling under presumption of chippings
clogging cracks.

Purposely entering inte grouting (for profit,
and for experience) proved that percussion dril-
ling guite acceptable (presently agreed world-
wide) and that water loss tests and grouting
amenable to theoretical-statistical analysis-
prediction. First results summarily proved (de
Mello and Cruz, 19549) that there are statistic-
al correlations between averages of water losses
and grout takes (cf. Figure 12), the grout takes
becoming quantitatively all the more similar to
the water losses with increasing crack widths
(greater coefficients of water loss, 1/min x m X -
atm, at judiciously chosen pressures, preferred
to direct or proporticnally adjusted Lugeon va-
lues): important interpretation extracted was
that Lugeon limits, besides being unfavorably
adulterated by frequent hydraulic fracturing,
seemed to be of groutability of rock, not at all
logically related with any criterion of need or
not of grouting, for technical or economic rea-
sons. The purpose was merely to prove that no
mystery hindered rough estimations of grout
takes in routines of tnat time, thus opening
doors to statistically quuntifying investigat-
ions.

iollowing the thread, Sinclair's PhD Thesis at
Urbana, Iilinois, 1472 (in extreme concision)
proposed logical indices bas=d on neasuring dif-
ferences between water and grouting tests for
distinguishing between groutable and non-grout-
able cracks. The clearly fertile statistical
analyses unrortunately failed to advance in pro-
fessional practice, because of minor pragmatic
hindrances: difficulties of double testing etc.
in early investigations in remote locations etc.,
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greatly varied groutdbll;tlus achieved by tiner
cements and special mixes etc., and even some
purposeful controlled hydraulic fracturing for
gpecial groutingcases, etc. Again, the crite-
rion sought was of groutabxlaty, not of need for
grouting, the really impertant design decision.
Botelho (Brazil 1366) oriented to idealized ana-
lyses of various crack widths, publlshed earli-
est indications of comparative design penefits
of grouting vs. drainage, the basic issue of c.
1958-68.

Average flow "reduction ratios" of about 6-10
achieved by "final" split-spaced grout programs,
easily exp-aiied, despite the fact that indivi-
dual wider cracks well grouted cause =100 § head
loss along the specific crack, as demonstrated
(for instance) in Itaipu Dam (e, 1982) basalt
foundation. The reasoning of truncation of rock
foundation'u original frequency distribution of
crack widtiis, was summarized by de Mello 19??,
in submitting concept of grouted zone as being a
more homogenized "grout-buffer" zone in the dis-
continuous medium, diametrically oppcsed to the
concept of an infinitely impervious, infinitesi-
mal width curtain discontinuity inserted in a
continuum (e.g. Casagrande 1961 etc.).

Criteria for pressures on water-loss tests
early concluded to have no relation to reservoir
head, the test pressure submitting surrounding
rock to tensions, whnile reservoir head mostly
not; and, during test, indications desired on
three principal peints (a) likely in situ perinza-
bilities at very low applied pressures, closest
to axis-of-coordinates between tension quadrant
and diagonally opposite compressive guadrant
(b) practicability of economic grouting (c¢) cri-
tical nydraulic fracuvurirg threshold. Criteria
limiting grouting pressures in function of depth,

initially imported, and still found waGes reudly
used, were early demonstrated to be absurd, be-
cauee Juring period of fluid losses (head “ounes
SR cons\ds‘ped) the uplift around piven hole is
an exponentially reducing "cone" (inverse of well
drawdown), and also uplift (analogous to plate
anchor pullout problem) is resisted not merely

by weight but also by shearing along boundary.
Rapidly developed present concepts, including

(a) assess:ng eritical hydraulic fracturing pres-
sure via discontinuity of pressure vs. water loss
diagrams (b) avoiding, or profitably using, the
hydrdulic fracturing during grouting, 4as desired,
as a designer's judicious choice (&) emphasizing
parm:ss;ble and desirable grouting pressures dur-
ing notable fluid takes, and the rejection pres-
sure limit when fluid behaves as Freyssinet jack
{d) recognizing that most hydraulic fracturing,
except in sedimentary rocks, along subvertical
planes, has no relation with overburden weignt,
and grout-buffer optimization more influenced by
reducing total length of pertorations while la-

vouring longer fluid travel along wider cracks
(ef.

Indications of Fig. 13).
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Figure 13

Early imported control criteria against damaging
rock, by surface control of heave, rapidly dis-
carded as too remote, imprecise and inconsequent,
permitting big attenuations of local hydraulic
fracturing, by compressing intervening cracks
etc. before transmitting any deformation to sur-
face evidence,

Single-line grouting increasingly favored,
many thousands of holes grouted showing invaria-
ble exponentially diminishing returns in succes-
sive pinching-in and/or rows, as dictated by
search for too low acceptance criteria such as 1
or 3 Lugeons. Incidentally, recognizing 1-3 Lu-
geon crack widths as too fine, the area grouting
fear of piping loss of base of core is clearly
very grossly exaggerated, since practically no
core particles would penetrate, and if they did,
total volume eventually losable from base should
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be very far from risking piping etc. In area
grouting under narrow (preferably inclined) cores,
obvious priority is for sealing the approx. 0.1H
DS foundation of core. In higher dams, overbur-
den weight well contributes by tightening subho-
rizontal cracks.

Astounding success was achieved in the grout-
ing of jointed rock under the plinth of the world-
record Foz do Areia (160 m CFRD) dam (much pu-
blished, c. 1978-'85)., Reconsidering the histo-
ric change from concreted cutoff-trench into
rock, to the upstream (blanket) plinth (c. 1958)
for CFRD projects, it is postulated that a forth-
coming evolution of technical interest will turn
the plinth apron inwards, obviously incorporat-
ing the adjustments necessary, technical, cons-
tructive, and logistical. The then overlying
select rockfill and filter loading will be a
starting benefit, and, above all, the reservoir
loading on the concrete face will centribute
much, as rapidly as seepage pressubes develcp
within rock. In sedimentary rocks, more proble-
matic, the width of internal aproh cah be in-
creased with great benefits,

Many kilometers of 25-60 m high cofferdams
thrown on unprepared rock river bottoms, and ve-
ry revealing respective pumped flows in dewat-
ered "area wells", clearly indicate that the
permanent dams' grouting requirements have been
much exaggerated,

5.,4.2, Impervious blanketing

Corwentional US impervious blankets caused great
frustrations. Firstly impose guarded considera-
tion because of frequent high permeability ani-
sotropies, partly within stratum, principally by
layering (e.g. "pebble-matker", etc,): The
early low dam blankets employed gave problems,
cracking etc. initially associated with drying
shrinkage, later tended by cumbersome c¢onstruct-
ion logistics etc. Subsequent analyses especial-
ly on abutments, revealed serious problem of
transient water pressure differential above and
below blanket, in unsatuypated subscil retarding
flownet development to t {ermancnt condition
exclusively treated in available publications.
Concept of US blanket at gerc load suddenly re-
ceiving reservoir loading at inoportune first
filling of utmost consequence was discussed by de
Mello 1977; aggravated conditions concentrate
with rapid filling, slow deyelopment of flownet
required to compress intersticial air, and added
compressibility and collapse behaviors, all con-
tributing to subsidence, &racking, sinkholes,
etc.

Concept and generalized application of internal
impervious blanket presently presumed undisput-
able, including (cf. de Mello 1377) advantages
of (a) possibility of separating flow across dam
superstructure and foundation (b) decreasing
foundation flow and {=2) important, decreasing ex-
pensive ubhorizontal drainage blanket of avoid-
ing foundation seepage uplift under DS shell
zone, Obvious that absclutely no "core-contact"
preparation needed under internal impervious
blanket, except avoiding sandwiched layer worse
than underlying and overlying ones.

S.4.3, Cutoffs by diaphragm walls, or trenching,
or saprolite and canaliculi grouting

Cases of diaphragm wall have multiplied greatly,

and need no mention except regarding special con-
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ditions, Thecoretical analyses of idealized in
fluence of "window" in homogeneous medium have
absurdly exaggerated the need for bottom socke:
ing into impervious bedrock: in practice, the
benefit from forcing flowlines down-and-up genc
rally grovides significant benefit, and benefi-
cost-risk ratio of difficult rock-socketing in-
vites serious reccnsideration, including cons-
truction difficulties and delays that even aff(
defects/reliability of upper diaphragm, and in-
cluding differential settlement problems for n:
gative friction on wall.

So-called "plastic diaphragm" using bentonit:
cement slurries with special rheologically eff.
tive admixtures, needs important questioning,
gsince most often, after setting, the stress-
strain-strength behavior is far from plastic, ?
ther highly rigid and strain-softening, increa:
cement contents increasing peak strengths and
steepness of strain-softening. Appears that m
often simple concrete diaphragm is to be mefer
including for non-erodibility if any cracking
suffered.

Pioneering applications of jet-grouting and
jumbo-grouting (soil-cement) techniques have b
used both for impervious diaphragms, and for s
bilization-cells in proposedly obviating seism
liquefaction of loose sandy subsoils under exi:
ing embankments.

Cutoff trenches of various depths were used
since early days, intercepting principally the
upper colluvial or elluvial "porous" horizonss
Intermediate imported trend, e. 1958-'70, insi:
ed on "positive cutoff" down to sound (groutab
rock, but respective need and benefit/cost rat
comprehensibly set it aside, principally becau
of mistake of seeking tor of rock as presumed
more imperviocus. Partial cutoffs academically
criticised, but permeability gradient of reali-
subsoil etc. reestablished them as useful.

Significant peculiar foundation permeability
problem in tropical horizons found to consist «
canaliculi, of diameters between mms. and abcu
5 ems, up to depths of score of meters, and ge-
nerating networks of tubular flows across dis-
tances of score of meters. Considerable natur
science research established them to be mostly
due to termites and jumbo earthworms, generall
perforating subvertical in search of deep gfoul
water (geologic or recent): the "minhoeugu"
earthworms proved able to perforate-digest-eje
soils compacted to more than 100 § PC containi
coarse-gravel size laterite concretions. Prob.
bility of subhorizontal US-DS canaliculi not o
sidered great, neither that of live survival-
seeking lower organisms occupying superposing t
interconnecting spaces: howevef, prudence in
the first two long dike sections of Amazon-bas.
projects required puarantees against extreme-v.
lue-statistics hypotheses of piping failures,
Flow-effect testing on samples with canaliculi
showed that there seem to be strengthened lini
left by the organisms, since even with high no
nal gradients (e.g. 50 etc.) there was absolut:
no erosion of canaliculi walls over periods of
weeks.

In the Balbina Dam (c. 1982-'84) project, en-
gineering solutions were required while canali.
culi were still under preliminary research ef-
forts. For the purpose of sealing them it was
reasconed that the only way for travelling grou
slurries to find and fill tubular features, wo
be to have them travel along planes, that coul:
be crossed by the canaliculi. Thus it was dec
ed to employ a treatment of the said saprolite
by a battery of holes fitted with tube-a-man-



chettes, and employing controlled hydraulic frac-
turing, for controlled slurry-injection,

In broad terms the treated stretch behaved ac-
ceptably, but the treatment (under special re-
search and force-account conditions ete,) result-
ed being considered expensive. Technically, one
difficult problem depended on the starting pres-
sure required to crack the soil-cement sleeve,
greatly varying with mix, time (logistics) ete.
Further, a curiosity was that successive grout-
ing stages (using different colours) frequently
occupied the selfsame earlier crack (suggesting
some doubt on the publicised compaction gruutin?).
In my opinion (Consultant generator of the idea
a technical misconception was the use of fixed
volumes of grouting per manchette, as is current
in permeation of homogeneous sands by assuming
an advancing front (e.g. Serre Pongon, France,

c. 1953, etc.): conceptually, travel along
cracked planes should be limited by evidences of
distances travelled and not by volumes of takes.
The concept of this treatment may retain interest
for cases below groundwater, but will have to be
improved, adjusted and cheapened.

5.4.4. Drainage features. Relief holes. DS
prockfill toe, DS drainage trench, and
relief wells

DS drainage always well recognized as the single
most important feature for guarantee against ca-
tastrophic DS failure. Yet early designs con-
ceptually failed in every respect, both regard-
ing "design" dimensioning of those features, or
applying direct implementation as proved neces-
sary (analogous to progressive grouting pinching-
in), or considering their monitoring with time
with recognition of loss of function, or provid-
ing facility forany maintenance if function pro-
gressively impaired (as in gravity dam galleries).
Note theall-important systematic pericdic testing
of vesponses of relief holes in galleries as ad-
jacent ones are closed (measuring pressures) or
opened (measuring flows), and, correspondingly,
drilling additional heles as indicated.

Early designs automatically employed geometric
distribution, unreasoned, subjective (e.g. in
rock, NX holes every 5 m, in some saprolites,

40 cm relief wells, with filters, every 20 or 50
m, etc.) and directly under the embankment's in-
tercepting chimney filter-drain. No water test-
ing, no on-site revision, no monitoring, no ac-
cess through high overlying embankments. Such
inconceivably unsupported practices still wide-
ly prevalent, based on visual retransmission of
pseudo-precedent. Presently, accepting inexor-
able subhorizontal drainage blanket on founda-
tion support of DS shell, emphasize that (except
in special cases of very anisotropic problematie
subhorizontal shearing rock, for which case gal-
lery and filter wells along upstream edge of
drainage blanket should be considered) there is
no advantage or need of relief except near DS
toe.

Interesting monotonously repeated design fea-
ture, technically absurd and construction-econo-
mically cumberscme-costly, that has been visual-
ly transmitted to most design cross-sections even
along soil abutments, is the DS rockfill toe.
Published designs, books etc. limit themselves
to max. ht. dam section on rock river bottom,
where the DS rockfill appears mostly because of
cofferdamming. On abutments the toe rockfill
has no possible function except anathema of per-
mitting dangerous long-term hiding of eroded

fines inside rockfill interstices, so that final
eventual accelerated piping comes as incurable
belated surprise.

Vertical drainage relief is often desirable near
DS toe of dam, despite drainage blanket, to con-
trol anisotropic transfer of seepages to distant
uncontrollable DS boils etc. Because all seepage
problems are always preferential and erratically
localized (astounding digression from flownet
theory idealizations, directly valid only, by
averages, for seepage stresses on mass deforma-
tions and unstabilizations), the technically best
and cheapest solution is to employ filter-drain-
age continuous (backhoe) trench., At deplis of
6-10 m (easy), such trench controls uplifts ap-
prox. double the depth, generally ample. If un-
derlying pervious layer feared, judiciously
drain it by relief wells from bottom of trench.
All wells should come up to accessible top with
casing, for meonitoring and occasional maintenan-
ces.

In light of stated incomprehensibly unapplied
test-analysis criteria, emphasize that drainage
features must be based on water tests, crack
widths and spacings, permeability tests etc.,
for the most cogent design-construction reasons,
and not merely drawn on unsupported geometric
appearances from other projects.

5.5, Misbehaviors and failures. Instrumentation

and monitoring

There have been a few important failures: how-
ever, their analyses classify them as clearcut
textbook failures due either to (a) yet insuf-
ficiently divulgated theoretical revisions (b)
the responsible parties having respected early
idealized publications, manuals, etc., of the
early 1950's, as scientific truths, unquestion-
able or unadjustable.

This author's portentous admonition is that no
presently marketed instrumentation, and respec-
tively planned installations, can be relied up-
on for alerting on impending preferential, lo-
calized, failure scenarios. Instrumentation pre-
sently in use can only be planned, installed, and
later analysed with regard to average theorizable
scenarios, and the thereby corresponding trends
for advancing (average) theorizations and accep-
tance criteria (cf. de Mello 1977, 1983, etc,).
In such a respect, the entire cultural setting
of the civil works from the developing countries
supplying the data, generally conditioned by the
developed world's professionals supplying the
design decisiens, has inexorably trended towards
restraining evolution, under the deeply inbred
need for repeating the proven conditions, even
if grossly conservative (impossible to prove if
impeded from so doing).

Unless and until civil works of such responsi-
bility as dams are consciously able to plan gra-
dually evolving designs, adeguately instrumented,
in order to test the frontiers of impunity via
"observed, controlled and controllable-revert-
ible degress of misbehavior", it must be empha-
tically repeated that most instrumentation hi-
therto has been an incalculable waste, of zero
benefit/cost ratio, Instrument and installation
costs are an lota compared with the continually
accruing costs of observing, plotting, etc.,
with no consequence: we necaessarily exclude
mention of the eventual occasional catastrophic
risk-coest of presuming safety to be guaranteed
while some hidden deleterious phenomencn may be
growing.
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With respect to alarm-signalling, one problem

will herein be considered as resclvable (alﬂuxun

at hitherto unestimated extreme cost): that is
the continucus-recording and continuous-atten-
tion, so that prospective eventual incipient
failure would be instantaneously observed-re-
flected. The problem of speed of action, for
counteraction, will be set aside herein, so as
to minimize frustration. There are still at
least two questions of attenuation-delay of
transmissions, of point observations, to be
picked-up, and to represent, the behaviors of
the surrounding mass: one is the simple pro-
blem of transmissions within an elastic (instan-
taneous) medium; the other is the time-attenua-
tien based on the material's rheology (rather
more difficult and variable),

Figure 14 provides indications on the szngle.
simple, instantanecus-elastic problem, by using
the applicable analogies with avallable analy-
tical solutions., Suppose that at some point
the pore pressure "suddenly" increases by a
significant value: by using such analogies as
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the solutions for wells, we can readily see
(Flg. i4a) that the alarm-s;gnal would not be
p1cked up in any more than minor proportion by
any piezometers beyond a certain radius. Simi-
larly by using the classical solutions of stress
applications within an elastic medium (e.g.
Mindlin etc.) we reach the same conclusion (ef.
Fig. 14b) that no significant proportion of the
applied stress would be recorded beyond any mo-
dest distance. Finally by using the classical
solutions of the cpening of a cavity within an
elastic medium (e.,g. Carrille's stress centers
1942, or all tunnelling data on settlement
troughs etc.) we reach the same sobering conclu-
sion that any piping or karst cavity developlng
at greater depths would be difficult to perceive
on the basis of surface settlement measurements.
Many other more sophisticated available solu-
tions ¢an be used to lead to identical coneclu-
sions: point measurements, of whatever type,
cannot be used for assurance against preferen-
tial failure scenarios. And, presumably, in
dams that avoid textbook failure conditions, the
real intent and purpose of instrumentation is to
document with respect to theorizable scenariocs
of "degrees of misbehaviors".

Recent developments are suggestlng mastly new
lines of instrumentation and monitoring. Some
such are;: (a) profilemetering and increased in-
terest in internal lateral deformations: (D)
measurement of suctions (with every attention at
minimizing the greatly conditicning interferences
of soil-instrument installation interface condi-
tions): (c) investigating and confirming the
compaction precompressicns of angular rockfills:
(d) investigating the perspective of monitoring
with sensors of special design (for erasing
background "noise" and precision, the possible
microacoustic generations as indicative of inci-
pient failure.

Great advances have been made in embankment
dam design and construction, but because of mis-
conceptions regarding the true intents, purposes,
and fruits, from purposefully developed- installed-
calibrated-interpreted instrumentation, there are
yet great strides ahead for optimization of
cross-sections that, strangely, continue geome-
trically very similar since 40 years ago.

6. CONCRETE FACE ROCKFILL DAMS
6.1. Introduction

The progress in the design and construction of
Conerete Face Rockfill dams has been one of the
most notorious in Dam Engineering in the last
twenty five years.

The major improvements are based mainly in
two facts:

a) The use of efficient vibratory rollers in
the compaction of relatively small lifts of
rockfill. This practice, started in the 60's,
avoids the uncontrolled large settlements of
dumped rockfills.

b) The adoption of a semi-pervious finer ma-
terial in the zone immediately under the face
slab to provide a secondary control of leakage
through slab joints and adequate support for
the face slab (Sherard, 1985).

Major improvements are alsc the currently a-
dopted practice in the design of foundation
cutoff and concrete face slab and joints, aban-
doning the previous design of highly articulat-
ed, checkerboard pattern of slabs and compres-
sible joints (Leps et al., 1985).



