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design decisions of practical significance

| : to embankment dams

™
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Design decisions, implying action despite uncertainty,
may face exponential risks in dam engineering and
must therefore be sorted out into two categories: those
controlled by the statistics of extreme-value conditions,
and those amenable to trcatment under statistics and
probabilities of averages. Absolute priority belongs
to the first group, and it is emphasized that any com-
The

designer must run away from the problem by ‘choice

putations connected with them are delusions.
of change of statistical universe’. Important examples
are full interceptor filter-drainage inclined into up-
stream zone, stereornetric hindrance secbage filtering,
and use of a grout buffer to homogenize a zone of
foundations exhibiting extreme dispersions of pervious
discontinuities. Within statistics of averages an
optimized embankment design is proposed based on
flow nets; the advantages of an internal impervious
blanket are shown. The behaviour of compacted
embankment materials is accepted (as demonstrated
in a companion paper) as evidencing prestressing;
routine stability analyses are reappraised to permit
significant economics and improved probabilistic
factors of safety F; instrumentation is associated with
Bayes’ theorem to quantify the observational method.
Finally, it is postulated that embankment dam en-
gincering must begin to develop Satisfaction Indices
with respect to average behaviour, in substitution for

intangible F values with respect to catastrophe.

Y. E. B .DE MELLO*"
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Les décisions concernant un projet impliquent uns
action en dépit d'une incertitude. En matiére d=

‘barrages, elles peuvent comporter des risques expo-

nenticls et de ce fait, doivent étre classées en deux
catégories: celles qui se référent a des statistiques
relatives a des conditions extrémes, ct celles justiciables
d'un traitement par statistiques et probabilités rela-
tives & des moyennes. Une priorité absolue doit étre
donnée a la premiére catégorie mais il est souligné que
tout calcul dans ce domaine est dépourvu de significa-
tion réaliste: le concepteur doit lui tourner le dos en
cherchant & résoudre le probléme par un choix
d’univers physique tel que le phéncmene soit exclus.
Des exemples importants sont fournis par I'emploi
d’un filtre d’interception incliné dans la rechargs
amont, par I'entrave stéréométrique exercé par le
filtre & la migration des grains, et par 'utilisation d'un
bouchon d’injection pour rendre homogénc une
fondation rocheuse présentant des variations erra-
tigues et extrémes dans la perméabilité. Dans Pop-
tique de statistiques relatives & des moyennes, une con-
ception optimisée de section de digue est proposée en
partant des réscaux de lignes d'écoulement; on déerit
les avantages d'un tapis imperméable interne; le
comportement des matériaux compactés est accepté
(comme cela est montré dans un autre article) avec des
évidences de précontrainte; les calculs classiques de
stabilité font I'objet d’un examen critigue en vue de
rechercher des économies substanticlles et d’aboutir &
de meilleurs facteurs de sécurité probabilistiques F;
I'emploi d'instrumentation doit profiter du théoréme
de Bayes en vuc d’aboutir 4 la quantification de la
méthode observationelle. Enfin, il est souhaitable
que dans les barrages I'ingénieur s'efforce de dévelop-
per, pour les diverses solutions, des Indices de
Satisfaction concernant les cenditions moysnnes de
comportement, au lieu de valeurs Fintangibles qui se
rapporteraient a des cas de ruptures.

I need hardly say how honoured T am, and how grateful to the British Geotechnical Society,

for having been invited to deliver the Seventeenth Rankine Lecture.

The really formidable

contributors to geomechanics who have hitherto occupied the position that is presently mine

to fill, have established and expanded such an aura of honour and responsibility connected

with the task, that I cannot but submit, with diffidence, the question: ‘what could I possibly
offer to the profession, through this outstanding ecotechnical society to which the world owes

this prestigious initiative, besides an immeasurable stream of coutributions and advances?’

* Private consultant in soil mechanics.
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For a person whose professional call may be described as specializing in being a practising
generalist of soil engineering, the initial hurdle was to settle on a subject. I felt it might be the
wish of this house to hear of engineering preoccupations that deeply affect the developing areas
of the world. As an engineer representing a young region requiring every technological
advance for rapid development, my message could only be connected with the importance of
engineering work of first-order approximations in initial decisions, most significant both in
safety and in economy.

Moreover, the investments at stake and at risk in dam building are so vast, that [ felt com-
pelled to use this opportunity to catalyse contributions from audience and readers, of direct
importance to the very efforts in embankment dam design on which I herewith bring my
proposals. 1 bring not theories and proofs, but reflections; and, in many instances, [ bring not
cold facts, but intuitions and estimates, in earnest search for idea fertility.

Within such a context [ resolved to tackle the subject entitled ‘Reflections on design decisions
of practical significance to embankment dams’, obviously within predominantly Brazilian
experience.

ENGINEERING PERSPECTIVE

Field and laboratory testing ability in geomechanics has advanced very fast and far in the
past twenty years. Computational ability yet faster and farther. Field instrumentation and
observations have been developed and refined very considerably. The overwhelming trend
has simultancously been of concentration of the ablest talents in the analytical walks of en-
gineering science. Finally, as if in apologetic shying away from the seductive illusions of
determinism, consigderable and very laudable effort has come to be devoted to statistics and
probability in civil and geotechnical engineering. Thereupon, the question that arises, and is
especially acute in developing regions, is: ‘has there been a cempatible comprehension of
fundamental engineering design principles, that could profit of such advances towards economic
optimization of design? What basic guidelines can be formulated to permit relying on such
advances for modifying precedent with due comprehension and with eagerness for economy
without increased risks?’

Is the refinement in the analysis of specific problems, taken as predetermined within a pre-
conceived structure, the dominant activity of engineering advance ?

Lambe (1973) has emphasized that prediction is the very heart of the practice of civil
engineering, and that one must not only predict, but make decisions and take actions on the
basis of the prediction. I have tended to emphasize a different order of priorities. Engineer-
ing involves action based on decision despite uncertainty. Prediction is one necessary vehicle
for adequate decision ; but, most often an engineer’s capacity at predicting is disparately poor
regarding what will happen, and quite competent, in comparison, at predicting what will not
happen; in other words, we inherently know that there are upper and lower bounds, and that
we may place ourselves beyond such bounds. Moreover, the intuitive ability to estimate
parameters for prediction is frequently much poorer in connection with newly formulated
‘component, or analytical’ parameters of a given phenomenon than in connection with the
complex lumped parameter closcr to the phenomenon itself, with which the survival (and there-
fore reasonable) intuitions of Animal and Man have been distilled from age-oid experience;
for instance, one may have a much better feel for whether or not a slope appears stable, than
for the cohesion parameter that might justify such stability.  As civil engincers, and especially
geotechnical engineers, we cannot presume to simplify our problem, but must needs simplify
the solution; which frequently comprises resorting to upper or lower bounds, even if for
lumped parameters only roughly estimated.
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As a young boy I read a Roman historical legend with which many of you may be familiar
and that must have made a deep impression on me, since a few months ago, more than forty
years later, it suddenly came to mind at an impromptu lecture. During the war between Rome
and Alba Longa in the seventh century BC in the reign of Tullus Hostilius, it was agreed by the
two cities that had been in constant warring, that the settlement of the dispute would be
decided on the outcome of combat between two sets of triplet brothers, the Horatii for Rome,
and the Curiatii for Alba. In contest two of the Horatii were quickly killed; but the third,
feigning flight, enticed the Curiatii into pursuing him and managed to slay his wounded
pursuers, one by one. The legend suddenly struck me as outlining remarkably well some
fundamental principles of engineering. Firstly, one cannot fail to note the decision to obviate
or minimize the waste of warring. Secondly, the lesson that if one does have to depend on
extreme value statistics (dependence on triplet heroes) notwithstanding the serious consequence
to the cumulative fate, one should attempt to forecast not only the ‘first passage probability’*
but also the possible trend toward stabilization or progressive degeneration of the consequent
outcome. Finaily, it is in the third hero of the Horatii that we find the real engineer. Rather
than face frontally the uneven odds of the statistical universe of direct combat where the
problem lay, he chose to feign running away from the problem; thereby the problem was sub-
divided into components that were individually tackled with case. Engineering is, indeed,
the artful decision to avoid a problem, to run away from a statistical universe of unequal odds,
of decomposing the problem into parts against which the odds of solution are really so im-
measurably more favourable, that ‘full guarantee’ of outcome may well be claimed.

Engineering design and construction, implying the call for determinism within statistical
variability, and embodying the inexorable discontinuity of yes—-no decision within the con-
tinuum of reality, is founded on the ability to make a decision often transcending that of de-
cision thecry as such, because of the ability to act deterministically on the built structure in
such a way as to make it the overriding conditioner. In short, it includes as the principal aid,
prior to the specialized knowledges for treatment of a particular statistical universe, the wisdom
of choice of a change of universe for a solution, based on the freedom to place oneself safely
outside the less favourable universe under analysis and estimation. [ take the liberty to repeat
| (de Mello, 1975¢c) “‘Good design is not yet corncred, frmﬁ‘[’position of affluence of ingenious
\ (i.c. engineering) ideas, into being better calculation or better estimation of intangible risks’.

CONCEPTUAL IMPLICATIONS OF STATISTICS AND PROBABILITY WITHIN DAM
ENGINEERING

The uncertainties in embankment dam design (Bird, 1961) and the role of so-called calcu-
lated risks® (Casagrande, 1965) in such works have been repeatedly stressed in the qualitative
terms that always precede attempts at quantification. The inevitable association of such
concepts of uncertainties and risks and decision, with statistics (representation of the small
sample of data and events that have happened,as a part of the respective universe of hypo-
thetical amply multiplied repetitions of similar cases) and probabilities (estimation and
inference, on universes that are imagined to prevail, of response to random phenomena or even
to stochastic chains) and decision theory, has led to rapidly multiplied applications of such
theorics to quantifying risks, probabilitics of failure as substitutes for factors of safety, and
probable consequences of hypothetical ruin in terms of the respective computational tools. 1t
is indispen®ible to examine bricfly some important concepts at play behind the lure of the

1 Asased in Monte Carlo methods.
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success that unquestionable numbers always seem to imply.  Within the engineering obligation
to action despite uncertainty, what action principles can we recommend for the required
certainty on embankment dams, while we await the confirmation of the use of the theories on
uncertainty ? - i

In order to propose the design principles in terms of conceptual statistics, for more fruitful
interplay between engineers and statisticians, one must begin by emphasizing the difference
between statistics of averages and statistics of extreme values. Settlement of an embankment
is dependent on the cumulative effect of a very large number of soil elements, and is therefare
an obvious condition of applicability of averages. Ou the other hand, the failure of a chain in
tension, at its extreme weakest section, is the classic example of the need for extreme value
theory: in dams the problems of piping, and of tensile cracking, can be reasoned to be de-
pendent on extreme value statistics and probability. So many are the problems thwarting
satisfactory engineering application of extreme value theorization, as can be quickly recognized,
that the most fundamental principle of humility in civil engineering design is as follows.

As a first step, use every possible means to avoid having to deal with conditions determined
by the statistics and probabilities of extreme values (DP1). ¢Such a recommendation may
sound strange and even absurd, firstly because the engineer has been led to believe in successful
application of extreme value theorization, and secondly because it may secem that if a phenom-
enon pertains to extreme value conditions, an engineer could hardly help facing it. Neither
position is definitive. In particular, an enginecring structure may often be engincered to
exclude a phenomenon: arching a bridge is sufficient to exclude tensions; prestressing concrete
is a search in the same direction; such ‘total” changes of conditions destined to serve the same
function, constitute what I refer to as a ‘choice of change of statistical universe’.

As regards the successful theoretical application of extreme value theorization, prior to the
mathematical problems one must recognize at least two conceptual problems. Firstly it must
be recalled that the natural phenomena and observations connected with extreme values are
ipso facto rare and difficult to confirm or deny, and are inexorably viewed through the subjec-
tive conditionings of some temporal theorization. Secondly, one is dependent on a pre-
determination of how small a sample to consider as yet significant, but random and inde-
pendent; for instance, in extreme hydrological intensities, is it maximum daily (total, therefore
average), or maximum hourly (and so on . . .) precipitations that must be considered? More-
over, as regards a conceptual dilemma faced at the solution end of the engineering problem,
one must question: since the severest extreine value event'is ever in the offing, to what extent
is it sound engineering to prepare defence for a rare extreme event whose laws of recurrence
(and of possible change of laws while awaiting recurrence) we do not understand, while in-
exorably burdening present society with heavily increased costs? Hydrological computations
may be used for an example, since we are conditioned to accept that within that tield civil
engineering is well enough served by extreme value statistics. Upon closer analysis we realize
that even the hydrologist (although favoured with yearly events of the extreme population) has
beaten a retreat, in considerable frustration, because of repeated catastrophic events he was
unable to predict or fend against; hydrometeorological conditions have recognizedly changed
with time in most basins, but, principally, our appreciation of random and non-random inter-
vening factors has continually changed. Thus a significant change of engineering attitude was
introduced, which appears to be a shameful retreat: in the words of Benjamin (1974), the
engineers “have a PMP, probable maximum precipitation, a PMF, probable maximum flood,
maximum credible events and the like. Upon investigation, however, we find there are no
probabilitics in these events, only certainties”.  The conceptual fallacy is coupled with un-
fortunate engineering: the inexorable consequences of increased costs of spillway works are
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Fig. 1. Indication on great variations of computed probabilities at low risks depending on type of extreme-value
distribution assumed

already a heavy burden on new dam projects, not to mention the catastrophically increased
costs to downstream developments if the gates are indeed operated to release the once-never
flood.

Thus, while retaining the case of hydrology as an example, as regards a feared helplessness
of the engineer in obviating the risk of the extreme flood, we may point to two obvious engin-
ecring design measures: one,by forcing the extreme phenomenon to average itself out auto-
matically, and the other, by incorporating an appropriate physical change of statistical universe.
Thus, one important design consideration has consistently been the reservoir floodrouting
abiiity‘ with increased freeboards and surcharge as necessary; spillway adequacy should be

Judged with regard to the ratio of volumes of surcharge against anticipated fiood. Moreover,
Ihc really ingenious and humble solution of physical defence against incalculable probabilities
is to design a fuscplug spillway of minimal first cost, deferring the higher costs of Lhe event
of low probability to accompanying the event itself.

In embankment dams one cannot fail to notice that the phenomenon of piping is typically
dominated by extreme value statistics, since at the exit of the seepage path (wrongly but
necessarily assumed average) it is the least stable particle subjected to the most unfavourable
point gradient that will be picked off first. Hydraulic engincering provides us with the neat
demonstratiop of the engincering solutions for an analogous phenomenon, which is cavitation. .
Much effort was wasted on attempting to develop surfaces smoother and more resistant to
erosion; the statistical universe of predicting how, when and where, erosion and cavitation
would start, was inevitably fraught with frustrations.  Not so, however, the prediction of when
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erosion and cavitation would not occur: one very successful step was the change of geometry of
surfaces so as to guarantee positive pressures; the next step, recognizing in hugulity the (present)
unpredictability of local pulsating negative pressures, was to supply copious aeration, changing
to a different statistical universe, engineered to immeasurably greater probabilities of success.
As will be further discussed in a later section, the appropriate geometry of filter-intercepts, and
the resort to simplest principles of stereometric hindrance of crodible particles by void sizes of
well-graded filter material are, for protection against piping failure, the two component anal-
ogies to the ‘total” solution of the cavitation problem.

Although I must beg leave to exclude from present consideration the problems associated
with seismic risks, it may be noted that the scientific approach has been intensely pursued of
attempting to investigate the extreme value conditions under which fully saturated specimens
may suddenly liquefy ; meanwhile in the light of my fundamental proposition regarding extreme
value conditions, a more appropriate engineering endeavour might profitably assess the
advantages of driving compaction and drainage piles of crushed rock into the sandy subsoils
or of injecting (and occasionally reinjecting) air into them (to flee from the problem of full
saturation and pore-fluid incompressibility).

The starting problem faced in the mathematical formu!auon of an extreme-value case lies
in the fact that a very ample number of pertinent observations would be necessary, to insinuate
what the appropriate probability distribution function (PDF) might be, and such an insinuation
must then be satisfactorily abstracted into the necessary mathematical formulation for extrap-
olation to the extreme, and checked for goodness of fit with random sets of data. Fig. 1
shows some often-quoted distributions, including for comparison those that govern data
around averages (e.g. normal or Gaussian, and lognormal), and is intended tc remind emphat-
ically that at the desirable extremes of very small risk the computed probabilities vary by
several orders of magnitude depending on the type of distribution assumed (Ang and Cornell,
1974). It should serve to expose how fallacious to engineering conclusions are the frequent
probabilistic formulations wherein the author is forced to begin by assuming a certain extreme-
value PDF. In many cascs{i‘fextrcme quantities and phenomena documented with sufficient
data, preferences have indeed been demonstrably established for one (e.g. Type [ for high winds,
traffic peaks, etc.) or another (e.g. Type [II, or Weibull, for fatigue failure, consumer product
failure, etc.) classical PDF.

Thus, on the one hand one must emphasize the need for data, and of adequate statistical
digestion thereof (Lieblein, 1974); and on the other hand, wherever possible, one must devise
adequate testing programmes for truly checking theories. For instance, Pretorius (1972), by
analysing size effects on brittle unconfined compression failure of hundreds of rock specimens,
proved that the assumed independence of links of the Weibull weakest link theory is not valid,
and proposes the weakness correlation theory for a much better explanation of the dependence
detected, even while admonishing ‘further experiments are required to determine if this will be
sufficient to account for the size effect in rock strength testing’ (specimen size effects (de Mello,
1959; Parry, 1972; Chandler and Skempton, 1974)).

Recapitulating, therefore, in connection with dam and geotechnical engineering, catastrophic
extreme-value situations must be avoided a priori because of the honestly precarious data, and
the inability to collect test data for formulation of PDFs. What test programme might con-
tribute towards formulation of the appropriatc PDF on extreme earthquakes or on catastrophic
failures of dams towards downstream? Thus it will be understood that one should accept as
a prior, sine qua non design principle (DP 1, Fig. 2%) the concept of exclusion of extreme

2 For an explanation of Fig. 2 sec the Appendix.
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DESIGN PRINCIPLE 1: FORCE
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Fig. 2. Recommended checklist of design principles

value conditions by choice of change of universe, as expatiated above: only subsequently does
one acquire the right to optimizations and computations within the confines of the statistics of
averages. For such subsequent steps, the additional conceptual design principles 2, 3, 4and 5

are proposed as sum

marized forthwith, and the designer is reminded that since design is

decision, and decision is conditioned by desire (de Mello, 1975a), for prudence it is indispen-
sable to use such suggestions as a quick checklist, much as a pilot is bound to run through his

checklist on every ins
Design principle 2

trument before take-off.
(DP 2) may be explained by means of several common examples: the

basic thought is to use a dominant overriding conditioner, so as to make the engineering

behaviour essentially

independent of the statistical variabilitics possible. If a subsoil presents

questionable conditions for footing foundations, one employs piles to cut across the ‘soil

pressure bulb’ of concern.

Rather than delve into refinements of comparing risks of failures

of two alternate footing foundations, if the stakes are high. the engincering solution will be to
usc piling to cut across the universe of uncertainty of the upper strata: nevertheless, engineering
science is to be lauded for developing methods of analysing comparatively the two alternative

footing cascs.

In the same light strong preference is given to a chimney filter-drainage inter-

ceptor over the full height of the dam superstructure not only for the physical exclusion of

piping (extremesvalue

)y under DP 1, but dlso for subsequent optinizations according to DP 2.
q g

A cut-off (as complete as possible) across pervious foundations should be similarly viewed, as

should ‘:1250 a blanket

or trench-drainage feature for control of uplift downstream.
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Design principle 3 (DP 3) recommends not despising the cumulative contributions of the

dominated universe, which is a principle of prudence, homogenization, and cconomy: in the
case of piling, preference for pile types that foster frictional resistance, even if principal reliance
is on point resistance—variabilities of pile lengths and bearing capacities will be attenuated: in
the case of pervious foundations, lengthening the seepage path to the utmost, as long as it does
not interfere with another factor that may become conditioning and more important. Pref-
erence for a single well-graded filter transition in comparison with a succession of uniform filters
may be viewed in a similar light. Finally, in a sense, compaction should be recognized as an
engineering measure ably ‘Invented’ to homogenize and to pretest within certain limits of
effectiveness. :
" Design principle 4 (DP 4) incorporates the well-recognized concepts of preloading or pre-
stressing and of the observational method (Peck, 1969) as important design considerations.
Quite naturally one finds the proportion of failures increasing significantly as the ratio of
incremental to existing stress increases, and as the time rates of such changes become higher;
moreover, the final rate of development of the failure, and the consequences thereof, are much
more serious when the loading is a so-called soft load (remains practically unchanged, or even
aggravates, as deformations accentuate) in comparison with a hard load (readjusts downwards
due to the very deformations generated). Thus a very useful design expedient favours as high
a prestressing as necessary, under slow controlled conditions, to stresses to be reached under
future uncontrolled critical conditions. For instance, if reservoir filling is anticipated to be rapid
and poorly controlled®and as the principal agent of instability is pore pressure, it is advantageous
to permit development of construction period pore pressures to high levels, equivalent to pre-
stressing. Pore pressure loading due to a full reservoir is a serious soft loading in comparison
with construction period or rapid drawdown pore pressures.

Design principle 5 (DP 5) finally reminds engineers that most frequently it is on the adequacy
of the hypotheses, and not on refinements of computations, that the safety and satisfactory
performance of a dam are critically dependent. Every design decision and, especially, every
design computation, presupposes some functional hypotheses: as soon as one has made the
presumed routine (average) hypothesis, one must consider how the desired behaviour would
change if the parameters were to vary about the average as much as they are statistically wont
to, or even as much as they might under conditions of very low probability.

What happens to the assumed flow net and to pore pressures, if the filter-drainage system
proves insuflicient or clogs? What can be done to the foundation treatment if a grout
‘curtain’ proves insufficiently impervious? What stress—strain indications must be feared if
shear deformations develop higher than expected? For every behaviour desired and assumed,
that may possibly be widely different within proven statistical variablity, is there an automatic
solution ‘built-in’, or is there an open door to complementary measures of design-as-you-go,
if instrumented observations are useful, and there is adequate time and control of events?

Although such concepts appear intuitive it has been felt necessary to emphasize them because
‘experienced’ dam engineers (the ones who usually impose the physical model and choice of
universe) may be unfavourably affected by subjective interpretations of ‘ precedent’,while the
younger geotechnicians and statisticians may be led to disproportionate cnthusiasm with
computational refinements though centred on poorly engineered models. The fact is that
despite an extensive literature survey, no references were located specifically covering the
necessary points of caution. One first look;f at typical dam cross-sections used over the past

3 Examples of common causes include: no bottom outlet, ungated spillway and with sill close to maximum reservoir
level, filling during rainy season, etc. :
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30 years,/mfd thEse will show that, historically, precedent is automatically associated with
geometric similitude, and symmetry, which is quite comprehensible because of the importance
of visual perceptions in the acquisition of experience.

Figure 3 exemplifics the fact that a very important typical cross-section, repeatedly used for
dams of widely different heights, has essentially adopted and retained geometric similitude and
symmetry. Incidentally, the geotechnicians who express great concern over transverse settle-
ments for a dam cross-scction on soil foundations at abutments, generally fail to appreciate
how very many gl fhie data are available on major settlements which have been satisfactorily
experienced by the upper parts of dams on their own underlying section. However, needless
to emphasize, no geotechnical behaviour is lincar and obviously as the height increases, the
trends of conditioning behaviour change appreciably. More important, however, is the
aberration of symmetry. One simple look at a dam, with water impounded, should be
sufficient to shock one into realizing that there cannot be anything symmetrical. Further, as
dam heights have been increased and the river valleys downstream have been increasingly
developed, one moment of thought to the risk values at stake in a downstream (DS) full
reservoir failure in comparison with upstream (US) rapid drawdown failure, should serve to
show that the cases are absolutely disproportionate; therefore it cannot possibly be a question
of comparing a hypothetical Fof -2 to US, as against an Fof I-5to DS, The DS failure must
be made virtually impossible, in the same way as it is impossible to fail an arched span in
tension. The US and DS zones of a dam are different and complementary notwithstanding the
growth through a phase of infancy of undifferentiated apparent behaviour that could generate
confusions of similarity and symmetry.

In closure of these introductery remarks it is emphasized that many different practices of
design cross-section, and of construction, have been successful in survival of individual cases.
What might be concluded therefrom, through presumed statistics, depends on the eyes of the
viewer. We must accepi that optimization should definitely favour some trends in comparison
with others. Some solutions may be reasoned to contain within them the seed of significantly
higher likelihood of failure, and yet may have been guarded from such an extreme event by
variabilities within probability (or by God’s infinite bounty). One wants to survive best in the
most economical manner. One wants to survive despite risk of considerable difference of
conditions from case to case. :

DESIGN DECISION OF TOP PRIORITY: EMBANKMENT DRAINAGE FEATURE AGAINST
CATASTROPHIC RISKS TO DOWNSTREAM

Considering the risks involved, the extent of time during which there is exposition to such
risks, the appurtenant conditions of lack of control of the main agent of failure, and the un-
investigated changes of properties and behaviour of soils with time, it is obvious that the most
fundamental design feature on which decision between alternates must be optimized is the
system of internal drainage for control of the seepage forces generated by a full reservoir.

It would be beyond the scope of any paper to cover any reasonable proportion of the com-
binations of problems that may arise in the design of a given dam.  This is particularly so as
regards foundation conditions. Therefore foundation problems (although recognized to be
often the principal conditioner in embankment engincering) will not be broached except with
regard to exemplifying important principles on upper and lower bounds. [t is contended that
first-order choices of fundamental importance may be found vindicated on the basis of even
the simplestphysical models it is possible to visualize, while subsequent refinements dictated by
more ‘realistic’ physico-mathematical models may prove to introduce no more than second-
arder revisions in the carlier basic decisions.  More xnowledgeable readers will therefore bear

2
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with the intentional presentation starting with grossly simplified models. In fact, if the con-
clusions appear all too obvious, it is hoped that the obvious question be raised: how is it that
so very many dams continue to be designed under definitely less favourable cross-sections,
merely because similar previous cases were probabilistically spared the intervention of an
extreme value condition and its inexorable consequences ?

Interceptor drainage and flow nets

Firstly, it must be recognized that ever since the use of flow nets was authoritatively proposed
(Casagrande, 1937) and became the widespread basis for the design of dams, it has been ipso
Jacto assumed that the conditions of statistics of dverages prevail; that is, it must be accepted
that extreme value conditions had been previously excluded from the designed prototype.*
Thus before beginning to discuss comparative flow nets, one must make a cross-examination
to determine the extent to which DP 1 has been satisfied in excluding extreme value conditions.

An extensive literature survey firstly failed to reveal any publications dedicated to the above
mentioned prior problem of design choice of physical model (Reinius, 1961; Patel et al. 1564)
and, secondly, would indicate no distinction between prior concern on extreme value problems
of risks and consequences, and subsequent attention to optimizations amenable to computa-
tions.

Problems of flow across the dam due to full reservoir are those of mass instability generated
by seepage pressures and seepage flows, both pertaining to integrated effects and averages;
collaterally there are the erosive actions of piping. If a piping phenomenon belongs to the
statistics of extremes and has to be excluded (by stereometric hindrance filtration, such as will
be discussed in a later section) obviously it is not by a flow net and consequent interpretation
that it is handled. It is indispensable to intercept any possible flow path by the filter-drainage
(DP 1). It is conceptually inadmissible to accept medern designs that do not have ‘full’
interceptor drainage simultaneously satisfying DP 1 and DP 2.

Figure 4 summarizes conceptually the historical evolution connected with the filter-drainage
feature, and attempts to emphasize that, as far as ‘evolutions’ have inherently relied on average
information (flow nets, flows, frequency of non-unsuccessful cases, etc.) by the appropriate use
of inappropriate theorization we run statistically increased risks of surprising and catastrophic
failures in cases 1, 2 and 3, which do not have the interceptor chimney filter-drain. In cases

4 It is interesting to note, in this conncction, that much of the discussion between Lane (1935) and Casagrande really
implied the simultancous use of two distinct languages: Lane was tackling intuitively an extreme value condition of
discontinuity, whercas the flow net could pertain only to the homogeneous continuum as an averaged condition, even if
the altercd boundary condition of the discontinuity were introduced in its extreme-value hypothesis.
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4 and 5 it is necessary to optimize within the upstream zone and foundation, in which the
statistical universe of the presumed flow net lies, in accordance with DP 3, 4 and 5; however,
the optimization must be with absolute priority to the risks of failure under extreme hypotheses
towards downstream.

The improvement from case 1 to case 2 comprises the historically comprehensible insertion
of the toe drain, or short exit blanket drain, at the point of the usual first failure symptom of
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Fig. 4. Conceptual discussion of design evolution for coatrol of porc pressurcs
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case 1, achieving very visible success by depressing the condition A of case 1.  The theorization
that followed, be it the classic Kozeny solution, or the many adaptations thereof to exit con-
ditions to distant (short) inclined drains (Casagrande, 1937), are all fundamentally unacceptable,
because they do not satisfy DP 1, and are a fortiori dangerous because of the created impression
of a satisfactory theoretical solution (Dixon, 1967). The extreme condition of piping at exit A
of case 2 is not a freak condition, but a typical extreme condition of the possible universe which
the design must consider from the start. The conceptual error of blaming such infrequent
failures on unusual and extraneous factors is analogous to designing a spillway for average
floods and blaming occasional inexorable failures under extreme events to extraneous causes.

Case 3a incorporates an interesting solution (Reinius, 1948) towards imitating at the US base
a drainage condition similar to case 4 for favouring the respective stability under rapid draw-
down (RDD); but under DP [ it is as unacceptable as case 2 and even more. [t embodies a
totally unacceptable principle of permitting the catastrophic extreme-value DS failure of much
higher risk to be aggravated on behalf of an improvement of the almost inconsequential US
slope stability under statistics of averages of the RDD condition. Case 3b (Patel and Mahesh-
warl, 1961) embodies the right approach towards control of flow nets in the US zone; but with
over-confidencein flow nets includes serious risks to the upper part of the dam and unnecessarily
stringent impervious requirements on the foundation.

Finally, case 5 is the only one that will be used in the subsequent discussions. It compriscs
a brilliant engincering solution of achieving out of a homogeneous compacted section, the
principal desired functional zoning of a DS shell excluded from interference by a reservoir flow
net. As often happens when a dominant design decision transcends a statistical universe (de
Mello, 1975¢) the successful solution can be directly imitated with considerable success for
quite a long time without requiring any studies of optimization. However, there has been in
parallel a considerably body of experience gained with narrower cores inclined to the vertical
in earth-rock sections leading to conclusions that a vertical chimney should in principle be
avoided, that a moderately narcow impervious zone is sufficient and more favourable in the
embankment, and that inclining upstream is distinctly favourable. Concomitantly there have
been continued indications that the principal factor of unfavourable seepage behaviour arises
from the foundations, comprising inevitable extreme variability of hypotheses because of dam
site geology. Therefore, the dominant fagtor in optimization of the interceptor drains is
definitely not construction pore-pressures 0} statistics of averages controllable by many other
expedients and, for the crucial full reservoir pore-pressures, not only the chimney filter across
the embankment but also the foundation drainage should-be judged under extreme hypotheses.

Aot

Positioning of chimney filter inclined upstream ¢

For the desired optimization of position of the fully intercepting filter-drainage chimney,
with regard to absolute exclusion of catastrophic failure, the simplest failure model it is possible
to visualize would comprise the downstream sliding of a downstream wedge due to the soft
load imposed by the full reservoir. When catastrophic failures are at stake one must reason
that it cannot be in connection with second- or third-order approximations of computations,
but must involve basic physical models subjected to working conditions (even if statistically
rire) significantly different from those presumed under routines that cloak the underlying
hypotheses.

For the purpose of illustration, such all-important optimization studies on the dam super-
Mructure have® been conducted for the idealized cross-section of Fig. 5, considering five
Alternative posftions of the filter-drain chimney, and firstly using routine flow net assumptions.
The filter-drain has been considered fully efficient (phreatic boundary) as a nearly attainable -
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Fig. 6. Priority optimization of chimney position for DS stability

condition, though extreme and favourable. The most frequent design assumption on found
tion permeability has been of total impermeability; its pore-pressures are designated -
Moreover, a frequently possible very unfavourable foundation condition can be represented in
first-order approximation by an open horizontal crack under the upstream zone of the dam, as
schematically indicated at the bottom of Fig. 5. In many competent rocks (e.g. sheeted
granites, basalt flows, etc.) such cracks are a frequent feature, and over a significant part of
the upstream foundation it is quite reasonable to anticipate that vertical effective stresses un-
evenly distributed may not achieve compressing such cracks into tighter closure. Obviously
in a case of an open crack we must a priori (DP l)have relied on a satisfactory infilling by
grouting; it has been assumed that the crack has been grouted for a minimum length of 0-3H
upstream from the chimney-filter, and at least as far as the dam centre line for cases of the
chimney-filter inclined downstream. A sample flow net is shown for the vertical V chimney:
such pore-pressures are designated as Ugp.

For examination of the first-order comparative merits of the different positions of chimney-
filter, one may well employ highly simplified hypotheses of stability wedges; the crude simpli-
city of the physical models and statics does not alter the overall conclusions on relative merits.
Absolute priority must be given to minimization of destabilizing features of the reservoir soft
load on the downstream wedge; moreover, a second criterion of preference may be established
with regard to minimizing the change of conditions (of pore-pressures) from end-of-construc-
tion to full reservoir. The destabilizing soft load due to reservoir filling may be considered as
the sum of the horizontal pore-pressure thrust Uy at the back of the wedge (Fig. 6) plus the
component U, tan ¢ with which the vertical pore-pressure thrust U, contributes unfavourably;
meanwhile, the stability of a downstream wedge of weight W is related to the component
W tan 4; the relative destabilizing potentiality in the different cases may be reflected through
an index C=(Uy+ U, tan ¢)/W tan 4. On using an index such as C it must be emphasized
that preference for a design section is established not only through comparisons of the indices
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C for different chimney positions, but also on the basis of the comparison of the range of
uncertainty affecting such values for the different chimney positions, depending on the varia-
tions possible in the total thrusts Uy and U,. Of course, the greater the proportional de-
pendence of the DS stability on the reservoir pore-pressure thrusts, the greater the range of
uncertainty (which would require compatibly increased £ values in design calculations).

Figure 6 summarizes the computed indices C for hypothesized sliding wedges of vertical
back AA, and specifically with AA along the centre line; the indications strongly favour
inclining the chimney at least 1:0-5 US.  Extended calculations with different locations for the
line AA confirm such a design preference, with regard to DS stability, and certainty thereof
(substantially independent of the flow net assumed).

In the graph in Fig. 6 the same simplified model is used to indicate the comparative ranges of
change of conditions of pore-pressure thrusts on first reservoir filling. For purposes of illus-
tration two hypothetical construction-period pore-pressure coefficients were used for the em-
bankment. Once again the preference for US-inclined chimneys is strongly supported.

Since a downstream failure under full reservoir must, in design, be rendered really impossible
(by choice of universe), the validity of the preference must be confirmed under as many as
possible hypothetical models of anticipated failure. Just as an example the additional model
of Fig. 7 may be visualized. The wedges separated by the chimney-filter and horizontal-
blanket drainage were assumed to be the possible sliding wedges. The upstream pore-pressure
thrusts were taken along a hypothetical plane 5 m upstream of the chimney; the foundation
uplift was excluded, in view of the purcly comparative analysis. The physical model might be
viewed as closely akin to the limiting case of rockfill dams (i.e. fully drained downstream masses)
with upstream impervious membranes (upstream-deck dams).
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Fig. 8. Confirming optimization of chimney position by simplified sliding circle analyses

The computed indices C obviously repeat the indications in favour of US-inclined wed .

Another point meriting special attention is summarized in the tabulation at the bottom ui = ¢
graph: one may not have noted, in routine uses of flow nets, how small a percentaz: (dto s )
of the total hydrostatic thrust survives to be transmitted to the final 3 m behind! Lizv, O
matter what flow net is employed. It is the very automatic assumption of gradual i head

in accordance with flow nets that must be questioned first. One must recall the preocct tions
of the past score of years with regard to cracking and pervious discontinuities, and furthe. note
that, especially under transient conditions of very rapid reservoir filling, the ratios of app = =nt
impermeability tend to be accentuated, fostering membrane-type behaviour. . The dis;
portionate uncertainties on magnitudes of the important soft load, Uy, to Unya, impose |
design choice of universe whereby the direction of such a load is the initial guarantee that |
magnitude is immaterial; with interceptors inclined upstream, it is practically immaterial |
downstream stability whether the interceptor is a drain or a seal.

As a final illustration reaching similar conclusions the sliding-circle model was used as
indicated in Fig. 8. After the priority optimization with regard to catastrophic mass DS
instability, under DP 4 further optimization on satisfactory operational behaviour of conse-
quence (to DS) secks to minimize the important change of conditions in moving from the well-
controlled end of construction (EC) situation, to the full reservoir condition on first filling.
Analyses were conducted on many possible failure circles; Fig. 8 concentrates attention on a
single one, purposely taken relatively deep for most salient effects. As alrcady stated, the
significant driving influence subject to change is the pore-pressure thrust U, and, once again,
the simplest indices have been formulated as defined in the figure: the driving influence index
D%, and the index MY, of change of conditions. Construction-period pore-pressures were
considered only for the US zone, because DS of the chimney many expedients are available
under DP 2, DP 3 and DP 5 for controlling them at will; moreover, they suffer no change on
reservoir filling, and only change favourably by dissipation with time.

The biggest change of D occurs if a low end of construction pore-pressure (ECu) is followed
by extreme hydrostatic reservoir loading (cracks); such al{ major possible change index M,
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Fig. 9. Seepage exit problems (average)

refiects the worst risk of failure. At the other end lies the possible condition of change index |
M, corresponding to a high ECu followed by average flow net conditions U 1f a design is
dictated by the condition of high ECu (and negative value of M,) an uneconomical condition
prevails, because flatter slopes will have been required merely because of a transitory in-
stability. The maximum range of uncertainty is represented by the span between the two limits
of M. Itisevident from Fig./Z’(c) that the chimney interceptor should not be DS-inclined. ;
In a further important comparison of the relative merits of the alternate chimney positions, |
the second aspect of potential catastrophic failure, that associated with tendencies to piping, |
|
|

requires preliminary evaluation. More detailed discussion of the problem as connected with |
statistics of extremes will be found in a later section. At this point only the average tendencies |
set by seepage forces are examined. - The flow net data permit average near-exditing conditions
from the clay to the filter to be established, as shown for three chimney positions in Fig.'9. ;
From the flow net data (established by finite element analyses for more careful differentiations) |
the magnitudes and directions of the seepage pressures on the soil mass close to the interface
were determined. The seepage force per unit volume was transformed into a Pressure across
an arbitrary constant length of 5m just behind the interface. The potential effects of such
seepage vectors should depend on comparisons with the overburden effective stresses Jocally
significant: the simplest comparison, without considering vectors and pertinent lateral over-
burden stresses, etc.,'is the mere scalar proportion o'y/o”; with regard to the vertical overburden
effective stresses at the filter face, as shown in the lower graphs of Fig. 9. The first-order |
indications of these graphs are that conditions are more unfavourable at the top than further

down. Although in due fairness it must be conceded that the solutions furnished by Cedergren

T ———
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(1967) (gradients i as plotted) would not scem to support the same indication, my results would
suggest emphasizing that in conventionally designed embankment dam sections, with slopes
and filters merely set by straight lines, the uppermost stretch may well prove to be the Heel of
Achilles in a full-reservoir condition; a widcning towards the crest would be desirable.

A second indication extracted from Fig. 9 is that the unfavourable chaifges in stress magni-
tudes, rotating the chimney to upstream, appear modcst. The directions of such secpage
stresses may be of much greater significance, in which respect the core-filter interfaces inclined
upstream offer the favourable trend towards added compressive stresses and possible arching.
The schematic details in Fig. 9 show the nominal directions of mean exit secpage stresses as
determined, and include a presumed possibility of such directions fanning to at least +30°
around the central direction estimated.

Further consideration of the problem of localized seepage exit stresses is deferred to a
subsequent section, with emphasis on the strongly averaging premises of the very theory behind
flow nets, and the further recognition that at the routine level of discretizations of flow nets
(even with finite element analyses) not even the singular points (average) of such a theoretical
formulation may be covered (Wolski et al., 1970; Reinius, 1973).

The final question regarding optimization of chimney-filter position in the superstructure
concerns seepage losses (average). Fig. 10 furnishes the necessary indications; obviously a
two or threefold increase in computed seepage 1s irrelevant, beyond the precisions of tests and

computational hypotheses.

PROPERTIES AND BEHAVIOUR O>F COMPACTED MATERIALS

Fine-grained materials

A vast amount of research of the past score of years has established the fundamentals of be-
haviour of compacted fine-grained materials, but precedent on embankment dam design and
construction specifications has not been noticeably adjusted in accordance. Any interpreta-
tive model proves satisfactory as lbng as one works in closed-cycle interpretations/applications,
within the same statistical universe; it is only when one extrapoiates to conditions beyond those
well represented in the experience universe, that the predictions will prove untenable if the
model is physically inappropriate.

For purposes of optimizations within the chosen basic cross-section, it is necessary to re-
appraise, on = basis of available test and field performance data, the prevailing mental models
of geotechnn . behaviour associated with compacted materials. One is led to interpret that
historically .cre was justification for the automatic application of the medel of a homo-
geneous mecrial of improved quality, through mental association with the classic comparisons
of dense as opposed to loose sands. In consonance with such a model, such extensive and
meticulous research projects as the investigation of stress-deformation and strength charac-
teristics of compacted clays (Casagrande et af., 1960, 1962, 1963, 1964) were programmed as if
all specimens belonged to a single universe of behaviour defined by a constant density; and
the trend has prevailed towards interpretation of parameters (¢, ¢, ¢, ¢', E, r,) as constant or
linearly varying. In a companion paper to be published some pertinent data have been col-
lected from some well compacted and controlled dams, and a total of 167 undisturbed block
samples tested therefrom. The paper postulates that compaction effectively represents the
imparting of a ‘nominal pre-consolidation pressure’ that approximately homogenizes be-
haviours up to the corresponding overburden pressures, but is incapable ol aflecting signifi-
cantly the intrinsic behaviours at higher pressures, within what is analogous to virgin com-

pression ranges.
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Fig. 10. Minor influence of chimney filter position on seepage losses

A summary of the results therein documented includes the following points which have been
incorporated into the present discussions illustrating optimizations of design decisions around
the hypothetical dam cross-section adopted. On the basis of satisfactory statistical regressions
it is demonstrated that the compaction preconsolidation pressures p, may be estimated as a
function of percent compaction (PC) and maximum Proctor compaction dry densities
Yamax (t/m?).  For the range of 80= PCZ 105%, such pressures vary approximately linearly
between about 2 and 7 kg/em?, which seems well justifiable with reference to stress transmission
from tyres (Freitag and Green, 1962; Freitag and Knight, 1962; Freitag et al., 1965; Hall,
1968). Field compression data from our compacted clay dams, when plotted in semilog paper
in analogy to oedometer curves, also clearly exhibit the nominal preconsolidation pressure
(apparently not observed by Gould, 1953). It is clear that compacted fine-grained materials
must be interpreted as behaving differently within two distinct universes, that of precom-
pression by compaction, and the virgin compression one. Moreover, it appears satisfactorily
demonstrable that the field behaviour of compacted fills exhibits the interference of residual
stresses due to compaction.

Within the precompressed range the drained strength equation includes a ¢ value dependent
on the PC, and construction period pore-pressures have been negative or negligible in the very
clayey matcrials (presumably in connection with so-called ‘porous clays’ of borrow-pit con-
ditions comprising high percent air voids and macropores even when found wet of the standard
Proctor optimum). Beyond the compaction precompression the differentiations in geotech-
nical parameters become accentuated.  First, such widely different core materials of about
cquivalent permeabilities as that of Oroville (Gordon and Wulff, 1964) and Salto Osorio (de
Mello, 1973, 1975c}exhibit compressibilities (expressed through £ values in reference to present
routines of finite element analyses) that can be 2 to 3 times one another. This is so notwith-
standing that in the very clayey residual soils of 1,3 50%% the virgin compression C, tends to
be significantly lower than might be presumed by analogy with the Terzaghi-Peck correlation
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Fig. 12. Summary data on curved strength envelopes in granular materials

C.~0:007(W,—10), and a better statistical correlation is obtained of C.x0-21(2:70— v4 max)
directly with the Proctor compaction maximum dry density in t/m®. Moreover, field com-
pressions tend to be significantly lower still, than as indicated by any laboratory tests. Corre-
spondingly, construction-period pore-pressures tend to be significantly lower than predicted
by laboratory tests. : -

Finally, there is a very significant permeability gradient with pressure, due to consolidation,
which has been recognized since the earliest days of soil mechanics. Apparently, however,
the likely interference of such a factor on flow nets of dams has not been questioned or investi-
gated, probably as a consequence of the assumed mental model of homogeneity. “The mini-
mum gradient that should be justifiably considered corresponds to somewhere between a [-0
and 1'5 log cycle decrease of permeability for one log cycle of pressure increase, and therefore
has been taken as at least a [100-fold variation of permeability from top to bottom of the
idealized dam cross-section studied for optimizations and comparisons.

Figure 11 summarizes the data on drained shear strength, on construction period pore-
pressures, and on permeability gradient with pressure, that were adopted for further illustrative

optimizations.

Rockfills compacted in lifts

In the companion paper to be published on behaviour of compacted embankment materials,
it is first shown that early rockfill construction with dumped rock and acceptance essentially
of *angles of repose’, employed slopes generally steeper than later began to be considered
necessary in compacted rockfills.  Yet there is no record of instability of such slopes. Such
sound evidence of field performance suggests the need of re-examination of current routines
on stability of rockfill slopes and factors of safety. Morcover, as a preliminary it became
necessary to reappraise the widespread mental models on the geotechnical quality, indices, and
behaviour, of rockfills compacted in lifts.

Among the principal points established regarding the mental models on the nature of com-
pacted rockfills are: the layered heterogeneity of the compacted rockfill; the differentiation
between compaction compressions of the lift and subsequent compression under overburden
loading of the compacted lift; correspondingly, the lack of analogy between compression
observations in field compaction tests and in the construction period settlements; and the -
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acceptable evidences that rockfill compaction also induces cflects tantamount to precompres-
sion, somewhat similar to the nominal preconsolidation pressures in tompacted clayey fills.
In short, it is emphasized that compaction in rockfills arose exclusively because of concern on
deformations, but its concomitant benefits on strength and stability have not been adequately
capitalized.

Regarding the stability of compacted rockfill slopes, if sound foundations are assumed, the
only conditioning factor is the strength envelope, which in recent years has been much investi-
gated by large-scale triaxial tests. Since the only factor that could contribute to somewhat
deeper sliding surfaces, is the curvature of the strength envelopes, a reference study was con-
ducted to establish presently available data on the probable magnitude of such an effect.
Fig. 12 summarizes the information gathered, for use in the discussion of design decisions on
stability of compacted rockfill slopes.

OPTIMIZED BASIC CROSS-SECTION WITH REGARD TO ALL FLOW NET CONSIDERATIONS

Based on priority concern with risks to downstream it has been established that the flter
should be inclined about 1:0-5 US as far as the embankment superstructure is concerned.
Further optimization must consider other currently recognized design criteria, both of
less critical slope instabilities, and of desired economies. Such further analyses were
necessarily conducted, for satisfactory credence and refinement in detection of parametric
differences, by flow nets from finite element analyses and by computerized stability analyses
(program ssTAB based on Spencer, 1967).

Homogeneous embankment on impervious rock: mass instabilit v of US slope on rapid drawdown
(RDD)

In first-order approximation, on the safe side, this problem should be viewed in the light of
an instantaneous change of conditions from the prior equilibrium condition of the US mass
acquired under the full-reservoir flow net. The current routine assumption of a fully saturated
material is also on the safe side. The data on pore-pressures u from the W, ... flow nets for
the five positions of filter are summarized in Fig. 13. The nearly linear variation evidenced at
any elevation furnishes a convenient basis for estimates, while the constant u loci (isobars)
rotate jointly with the filter. Such data are of use for computing initial conditions for con-
solidating soil specimens for triaxial testing under pertinent anisotropic consolidated saturated
undrained (ACSU) conditions. S

The analysis of RDD instability has merited considerable attention in publications, and will
be further discussed in a subsequent section. For the first-order approximation sought to-
wards optimization on the design cross-section, the following reasoning is proposed. " If the
soil structure were incompressible, on altering 'instantancously the US face boundary con-
dition, and assuming instantaneous transmission of pore-pressures in the incompressible fluid,
one would obtain the so-called rapid drawdown (RDD) flow net (analogous to the slightly
more severe flow net of persistent rainfall on a saturated embankment). The principal
desired RDD flow net indications and data on such consequent stress changes are summarized
in Fig. 14. It is emphasized from the start that all such simplified pore-pressure estimates
require revision in consideration of pore-pressures generated by volume change tendencies, as
will be discussed.  Partial drawdown (PDD) flow nets (Reinius, 1948) appear more unfavour-
able for shallow upper circles because as drawdown increases, the flowlines in the upper zone
become more vertical (consequently equipotentials tend to be horizontal and flow net pore-
pressures tend to zero). However, considering the compacted strength envelope (Fig. 11) it
does not follow that instability is greater for such shallow circles and PDD. Morgenstern
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Fig. 13. Homogeneous embankment on impervious roek. Full reservoir flow net data for various positions

(1963) indicates F values consistently lower for RDD than PDD by use of Bishop’s hypotheses
on drawdown instability. In the present study it has been decided to investigate only full
drawdown (with the conservative assumption of impervious rock). For convenience Fig.
14(b) furnishes the varying position of the subvertical flow line of bifurcation of the nets (that
Reinius (1948) assumed vertical and in a fixed position). At a first glance one senses that in
the zone in which flow lines continue towards DS (the filter), the US slope is not subjected to
unstabilizing seepage. '

One would aim at minimization of the change of conditions (DP 4) for the US mass, and
one recognizes that such optimization should be based on effective stresses. Consideration of
anisotropies and rotations of principal planes must be relegated to later stages. Thus one
should examine the change of vertical effective stress. If there is no tendency to change of
effective stresses in going from flow net 1 to flow net 2, the soil structure is not subject to com-
pressions, and is, therefore, ‘virtually incompressible’ in the same sense as a flow line is a
virtual ‘impervious boundary’. In such a case, fully saturated, the applicability of the RDD
drainage flow net from the phreatic line for instant =0 (conservative), is not thwarted by
transient excess pore-pressures generated by soil compressions.

The optimization sought is indicated in Fig. 14(a), where the changes 4o’ are plotted along
typical planes of interest.  The ideal condition sought, of 4¢"=0, occurs fairly uniformly for a
filter somewhere between the ¥ and 1:0-5 US posttions; this is quite reminiscent of the ideal
1:0-5 US suggested earlier. However, since one cannot presume to fulfil so narrow a con-
dition as 4¢"=0 obviously one would favour a small negative 4o’ because any small, occasional
dilatant behaviour can only contribute to stability.

Another condition in which the applicability of the RDD flow net should not be thwarted by
transient excess pore-pressure is where there is equality of compressibilities of the pore fluid
in going from 1, to u; and of the soil structure in going from o," to ¢’,.  Such a condition could
occur in considering shallow circles wherein the soil compressibility is low due to compaction
precompression, while the fluid compressibility is increased due to the unsaturated condition.
Fig. 15 was prepared to facilitate estimation of the du=uy— 1y =tppp~ Uy max. 10 this
instance the desirable condition would be of positive du (compression of pore fluid) to favour
stability. ~ Although all the changes du resulted negative, which is mildly unfavourable, the
further US the filter moves, the smaller is this effect; this confirms favouring US-inclined
chimneys. Routire indications for stability computations have automatically attributed
com;?rcs.\ibility to clayey embankments. One should not presume to know the values of the
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relative compressibilities of pore and fluid, since compaction specifications can alter them
completely, and constitute a weapon at the disposal of the designer; conditions vary consider-
ably from shallow depths affected by compaction precompressions, to greater depths possibly
subject to virgin compression and soil closer to back-pressure saturated; and, of course, they
depend on the stress changes being in the loading or unloading and reloading conditions.

As discussed earlier, an extreme, frequently possible, flow net uncertainty concerning the
boundary condition of the US zone founded on bedrock corresponds to the hypothesis of an
open crack close to the surface. Such an uncertainty affects not only the priority DS stability
already mentioned, but also for RDD instability of the US slope.  Fig. 16 indicates the relative
merits of the three filter positions, 1:1 DS, V, and 1:1 US; in minimizing such uncertainty, the
farthest US position is evidently best.

As has been explained, the US instability is directly related to change of conditions from
initial Wy, mae flow net u;.  Fig. 16(2) indicates how different the 1, conditions can be. The
RDD flow net in the limit approaches the textbook case of vertical flow lines and horizontal
equipotentials (i.e. zero u, pore-pressures in incompressible material). The US crack gener-
ates a significant increase in the w,—u, in comparison with the impervious foundation, in-
creasing the uncertainty on the US embankment behaviour. Similarly the uncertainty on DS
stability transpires in the tabulation accompanying Fig. 16(b).

Obviously an US-inclined filter significantly reduces uncertainty: as the filter-drainage
feature moves US, it participates more in dominating the flow net behaviour, reducing the
proportion of interference of erratic foundation factors.

Embankment with permeability gradient with depth (heterogeneous): impervious foundation; full
reservoir; full and partial drawdowns

Whereas dams up to about 20 m in height (depending on the compaction preconsolidation
pressure) can rightly be treated as homogeneous, it is obvious that in significantly higher dams
the properties of the material vary considerably with a ‘virgin consolidation” under the over-
burden. The direct consequence on flow nets arises from the decrease of permeability with
void ratio, but for obvious reasons the analyses had to employ the variation of permeability
with pressure, for which the arithmetic variation (see Fig. 11) conveniently incorporated a
compaction preconsolidation effect. The nature and magnitude of this influence was investi-
gated for the three filter positions 1:1 US, 1:0-5 US, and 1:0-5 DS.

For the full reservoir condition the interference of the permeability gradient (embankment
denominated heterogeneous (HET)) is best visualized by indication of the shift in equipo-
tentials superposed on the routine flow net of the homogeneous (HOM) embankment; Fig.
17(a) furnishes the typical results, and can be accepted as intuitive.

The flow net is pushed upward but, expectedly, with no influence in the upper part of the dam.
The corresponding interference on the RDD conditions affecting US stability appears suitably
presented in the form of comparisons of isobars of the flow net pore-pressures (Fig. 17(b)).

Figure 18 presents, synthetically, some representative isobars for full reservoir affecting DS
stability for the HET case as compared with the HOM, for the three filter positions. Con-
comitantly a coefficient of influence of the permeability heterogeneity on the DS stability circle
is represented.  Obviously the unfavourable influence is more modest the more the filters are
inclined upstream.

According to what is demonstrated in Figs 14 and 15, the principal factors conditioning up-
Stream instability will be considered as the changes du and 4o’ in changing from Wy, .y to
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Fig. 19

RDD flow nets, principally the latter. The data on 4o’ summarized in Fig. 19 accentuate,
slightly more in the HET model than in the HOM one, the preference for filters inclined at

least 1:0-5 US.

Embankment on saprolite (pervious) foundations

It is general experience that saprolite foundations tend to be more pervious than the com-
pacted embankments: in the present studies they have been considered merely 10 times as
pervious. The permeability gradient due to compression is even more accentuated than in
sediments and compacted soils, but for convenience it has been assumed similar. It must be
emphasized that in a single dam both the HOM and the HET models may be simultaneously
at play since the former is more realistic towards the abutments where the preconsohdqtzon
pressures of foundation and compaction are not exceeded.

With the frequently used V chimney on dams of moderate height (acceptab]y HOM) the
experience on saprolite foundations has been satisfactory, as can be seen from Fig. 20(a), since
the pervious foundation lowers the flow net. Much depends, however, on the variations of
permeabilities within the foundation. Repeatedly in our experience the proportionally worse
conditions of DS uplift in saprolite foundations have occurred towards the abutments, in the
shallower ends on gentle abutment slopes; in steeper abutment slopes the three-dimensional
flow net comes into play in attenuating the foundation uplift. Where the embankment is
higher it is suspected that the permeability gradient under the crest and central zone may be
responsible for much of the satisfactory behaviour, Af Fig. 20(b) presents data on Wy, max flow
nets for the HET model for the two extreme practical filter positions of 1:1 US and 1:1 DS.
The 10 m isobars of the HOM model on impervious foundation, retained for reference, serve
to show that the net effect of the pervious foundation to depress the isobars a little, almost

“exactly counters the tendency of the HET as opposed to the HOM model (Fig. 18).

Embankment with optimized blanket for erratic rock foundation permeability

The frequently possible open subhorizontal US crack in upper horizons of competent rocks
subjected to stress release has already been emphasized, along with the absolute need of groutt
for such cases.  One very readily observes that as soon as one can rely on losses of head as in

K,
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the flow nets in the crack under the embankment central zone, problems to DS stability are
vastly attenuated. In accordance with DP 3 every available design measure should be em-
ployed to favour such a homogenizing action of head loss for the cracks before water exits to
the filter-drainage.

Thus arose the concept of the so-called internal impervious blanket as exemplified in Figs
21 to 23.  The merits of the design concept are self-evident already in the HOM or HET dam
on impervious rock (Fig. 21) and are further accentuated in the case of dams on pervious
foundations (cracked rocks, or saprolites) as illustrated in Figs 22 and 23. Three salient
points must be briefly emphasized. A routine external impervious blanket is useless over
cracked rock because with rising reservoir the water pressure in the cracks rises in equilibrium
with the reservoir and there is no net effective stress to help tighten them. The US-inclined
filter that is ideal for the embankment has generally been carried to the foundation; this must
be considered a very unfavourable design decision, shortening the pervious seepage paths of
the foundation and taxing heavily both the unfavourable seepage exit gradients into the filter,
and the flow conditions of the drainage blanket. Thirdly, no matter what the foundation
conditions, since control of uplift is not necessary upstream of the 1:1 DS position, every
benefit of the internal impervious blanket can and must be derived for tightening of fissures or
pores under the central zone subjected to highest overburden. If fissures persist downstream,
their tendency to remain wider under shallower overburden can only be favourable for drainage

of the seepage under gradually increasing permeability.

Embankment with optimized blanket on saprolite foundations

The advantages of an internal impervious blanket prevail also very markedly for any dam on
a moderately pervious foundation.  Fig. 23 summarizes flow net data on concepts indicated in
Fig. 21.  Upstream impervious blankets have some well known disadvantages among which
is the formation of cracks due to shrinkage or differential settlements (Lowe, 1970). More-
over, if the subsoil is unsaturated (frequent in ‘porous”saprolite abutments) and the reservoir
level rises quickly, there can be a seriously aggravated condition of differential loadings and
settlements, as schematically shown in Fig. 21. At any rate, irrespective of any criticism on the
external impervious blanket, the principal point is to avoid the mistake of losing a roughly
1-5H length of seepage along the foundation between the 1:0-5 US and 1:1 DS positions,
particularly considering that, owing to permeability gradient under compresmon this length
can cause head losses of between ten and one hundred times the equivalent path under an
external blanket. At present the earth-rock dams of the major projects of Salto Santiago,
Tucurui and Emborcagdo in Brazil are being construeted incorporating this design decision

(de Mello, 1975b).

Iusertion of equipotential adjusters

The introduction of the facilities of finite element analyses for drawing of flow nets opens
new avenues for design optimizations regarding control of flow net conditions upstream of the
filter-drainage. One such design idea is herein termed an equipotential adjuster: it may be
visualized also as a non- cx:;itmg pervious feature interconnecting points on different equi-
potentials so as to force them to a common equipotential.

Figure 24 presents an example of such a design expedient, just as a reminder of the possi-
bility. In order not to alter the basic finite clement mesh, the pervious non-exiting feature
was introduced with the odd polygonal shape shown. In intention it was arranged so as to
improve a full-reservoir flow net parallelism in the approach to the chimney filter (sce the
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suggestion of Reinius (1973)) ;md, if necessary, to counterbalance possible unfavourable effects

of greater permeability gradients on the RDD flow net.

The potent effects of the measure

are well illustrated by the example but the case studied had no specific optimization in mind.

Final summary comparisons of various cases by routine stability and seepage foss analyses

The final comparisons of advantages and disadvantages of various chimney-filter positions
in accordance with routine analyses are summarized in Figs 25 and 26. The advantages to
both DS and US stability are well demonstrated in favour of US-inclined filters: the insignificant

premium paid is of two- to three-fold increase of seepage losses.

The F values reported are

not those of different critical circles for each case, but truly comparative values for a constant

fixed circle, close to critical for all cases.
values for instantaneous drawdown,
pore-pressures.

Fig. 25(b) reveals the difference of upstream slope F

as computed by the two most recent hypotheses regarding
Although the difference is seen (gencrally) to be minor, an important point

is that routinely encountercd US slopes are obviously overconservative, apparently because of

lack of confidence in the design analyses.

SRR
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CONSIDERATIONS ON SOME OTHER PROBLEMS PRONE TO INVOLVING EXTREME VALUE
CONDITIONS ¢ )

On analysis of some of the principal concerns and failures discussed during the past score of
years, one cannot but observe the striking coincidence that they are all associated with phenom-
ena controlled by extreme value statistics: and, as has been emphasized, if there is any
possibility of extreme value phenomenology we must obviate it in design choice, before under-
taking optimizations within the conditions of averages involved in flow nets, slope stability,
deformation computations, and so on.

Filters and filter criteria, localized piping, erodibility and “dispersive clays’

The fundamental principle of filtering action can only be the stereometric hindrance of the
movement of detachable particles of the soil through the voids of the filter; it therefore con-
cerns particle sizes of the base material and void sizes of the filter. It should be obvious from
the very nature of grain size frequency distributions that the phenomenon is entirely dependent
on probabilities of a very localized condition: thus, either one were to depend on a great number
of tests very well planned and conducted, if deterministically interpreted for the specification
of conservative bounds (choice of change of universe), or one should accept some local or
partial ‘washing through’ as probabilistically inevitable, and therefore decide to accumulate a
universe of data of prototype behaviour. In fact, neither of the alternatives has been fulfilled.
Since it is impractical to attempt to collect data on localized piping potentialities under field
conditions (see the recourse to arbitrary definition of piping instability in tests as indicated by a
10-fold permeability increase, Frost (1975)) one must attentively reappraise theoretical formu-
lations and available experimental data. Indirect field experience derives from the number of
cases in which bona fide filter packings around wells have reported clogging or washing
through. To my knowledge the extensively mentioned published experimental bases of filter
criteria are the tests by Bertram (Waterways Experiment Station, 1941), Karpoff (1955) and
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Zweck and Davidenkoff (1957). Remarkable as they were for the time, they are lacking in
many details desired today. However, the only theoretical formulation available (being
employed in some quarters) applying the right concept of comparing base grains with filter
pores is that of Silveira (1965, 1967) and Silveira et al. (1975).  The attempt must therefore
be made to examine the experimental evidence and theoretical evidence with relation one to
another. )

Figure 27 examines the basic experimental data on filters and piping with reference to estj-
mated nominal filter pore diameters. In any frequency distribution curve it is preferable to
avoid discussing the tail ends, and therefore the finer sizes have been rightly discussed as Dy,
or Dy; sizes while the bigger sizes are generally discussed as Dy sizes. In so doing, however,
it must be conceded that the behaviour (probabilistic) at the extremes is not being considered.
Now, if we assume self-filtering action within the base material grain size, it is sufficient to
retain the Dg, of the base. Whereas the Terzaghi-Bertram criteria appropriately recognized
the self-filtering action within the base material by its own coarser particles, thereby establishing
the upper bound for the finer filter particles D5, with reference to the coarse base particles
Dy, the later and more systematic Karpoff (1955) tests and consequent USBR criteria (USBR,
1960) unfortunately failed to recognize such an important point of distinguishing between
limiting requirements for filtering as against permeability, and concentrated merely on ratios
of median D;, diameters. A conservative method for checking if there is satisfactory conti-
nuity in a grain size curve consists in subdividing (i.e. totally segregating) the curve into two
parts; the self-filtering action may then be checked in exactly the same way as when dealing
with two soils side by side (de Mello, 1975b). If essentially ‘total hindrance’ were required,
one should desire the big Dgs particles of base to be blocked even by the biggest probable pores.
Itis obvious in Fig. 27(a) that (accepting the nominal fore diameters of Silveira’s (dgs) theory)
such ‘ideal” filtering has not been fulfilled in the tests.  Some movement of base particles into
filter must take place, but the tests lacked the precision of observation to detect such minor
migration. .

Figure 27(b) extrapolates the theoretical background to the range of less uniform (higher
non-uniformity (NU) coefficients) but continuous grain sizes, and situates the available tests
against such a wider spectrum of filters in use. One sees that pore diameters in moderately
uniform materials 1 < NU <5 are of the order of 1/5 to 1/10 of the respective grain diameters,
and as NU increases the ratio of mean pore diameter to mean grain diameter dso/Ds, decreases
steadily. Unfortunately the direct and indirect information for NU > 5 is almost nil. Mean-
while one notes that the Silveira theorization incorporates an averaging effect due to the
hypotheses (evidenced in pore size distribution curves being always more vertical than the
respective grain size curves, and absolutely parallel for dense against loose hypotheses).
That is, there is limited flexibility of visualization of particle arrangements, which may affect
disproportionately the less uniform grain size curves. Nevertheless one could yet hope to
apply correction factors for adjusting computed nominal pore diameters to reality.

Figure 28 summarizes the hypotheses of packing arrangements and nominal void diameters
deduced by Silveira and co-workers, all on very uniform grain size soils. As mentioned
above, the immediate observation is the extreme regularity of the nominal pores computed
(see Fig. 28(a), for instance). The same formulation was therefore tested for grainsize curves
up to NU=50; the results of interest are plotted in Fig, 28(b). The trend for the bigger pores
is obviously wrong. Whereas a well-graded non-uniform soil virtually eliminates big pores,
the hypothesis leads to increasing dgs/Ds, ratios as NU increases. -

A further confrontation of the theoretical formulation with experimental evidence was tested
with regard to the closely related factors of number of interparticle contacts & and the probable
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ratio Ry of pore sizes in loose against dense states. The data collected from publications are
presented in Fig. 29. It appears that the Silveira theory visualization of three to four contacts
(in a plane) as opposed to six to eight contacts observed (in space) is not likely to be the principal
cause for correction of nominal pore diameters, within the average range. Moreover, the
ratios of median loose to dense pore diameters computed and measured are similar.

Dense packings indicate reducing pores to about 35 to 40%/ of the respective sizes in looser
packings, but the strange result is that all pores reduce similarly, whereas one should expect
that compaction would principally exclude the bigger pores. In short, the points of special
suspicion appear to concentrate on the coarser presumed pore sizes in soils of higher NU
grain size curves.

Finally, Fig. 30 presents the evidence developed which would seem to uncover a basic
fallacy in the known applications of Silveira’s formulation: it concerns the fact that for com-
puting the probabilities of particle arrangements a frequency distribution curve of numbers of
particles (available for the contacts and arrangements) is necessary. The standard representa-
tion of grain size as a frequency of weights does not permit visualization of the disproportionate
increase in numbers of particles at play in the finer fractions, especially in soils of higher NU,
Fig. 30(a) shows comparatively the frequency of particles actually counted (Marsal, 1963) on a
well-graded sand of NU =5-2; the final 2-6% finer fraction were not counted, resulting in the
truncated histogram of Fig. 30(b). The graph of Fig. 30(c) was employed to help in completing
the frequency distribution of number of grains, and it is seen that the final 2-6% can represent
60%; of the number of particles. Finally, Fig. 30(d) plots some histograms of numbers of
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Fig. 31. Apparent inadequacies of present filter criteria regarding: (a) experimental bases for uniform filters;
(b) no formulation for non-uniform filters ;

contacts, which show averages of the order of 6 to 7 with variations from about 3 to 13, with -
modest variation from the loose to the dense state. Marsal’s data show especially that there

are very few big particles representing the top percent by weight; an adjustment from the

weight-frequency to the number-frequency distribution curves essentially in proportion to the

cubes of diameters alters the shapes of the curves radically. Moreover, as the NU increases,

the number of big particles becomes minimal, and whereas the arrangements with other big

particles become altogether unlikely, the number of contacts for the few big particles is very

great, of the order of hundreds, with fine particles increasingly available for the denser arrange-

ments.

In short, it must be concluded that the existing theoretical formulation for pore sizes is un-
satisfactory, notwithstanding the apparently acceptable results with relatively uniform soils.
The all-important subject of filter criteria for physical guarantee against extreme-value situa-
tions of piping erosions (DP 1) calls for immediate revision. In uniform soils the nominal
computed pore diameters may be acceptably realistic but, as shown in Fig. 31(a), the experi-
mentally based filter criteria appear unsafe, since the finer limits of base materials permissible
(computed backwards from the assumed filter) represent grain diameters finer than those of the
nominal pores of the filter. In non-uniform soils there are no tests (Fig. 27) and the theoretical
formulation suffers greatly from the fallacy pointed out. Fig. 31(b) compares the nominal
filtering capacity of a single material of NU =6 against two sublayers of the respective uniform
upper and lower 509 fractions: the single material would appear less satisfactory, which is
contrary to all indirect evidence.

Since the significant reduction of pore sizes with increase of NU should be reflected princi-
pally at the bigger pore sizes, for filtering action there should be an unquestionable preference
for materials of high NU, as long as there is no segregation in construction activities. There
are no published data on tests on grain size segregation. Moreover, another important type of
segregation that could occur concerns densities in the case where a finer fraction 1s insufficient
to fill densely the voids of the respective coarser fraction: there are also no test results on such
density segregation conditions. It must be noted that crushed rock filters give roughly 30 to
50% higher porosities than subrounded gravels of equivalent diameters.

3
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Filter criteria must also guarantee a sufficient permeability (compare the Terzaghi-Bertram
lower limit) of the filter-drainage to avoid requiring excessive heads for drainage of the flows
(Cedergren, 1960). Frequent recommendations are, arbitrarily, for drainage capacities 10 to
100 times the anticipated seepage. The subject can be treated by flow nets and factors of
safety, because of the cumulative nature of the phenomenon. The F values, however, should
preferably be of DS stability, considering the range of error possible in foundation permeability
estimates, being adjusted on the basis of sensitivity analyses for the design section: in short,
after the presumed optimizations, in accordance with DP § one should check how far the F
value of DS stability would be affected if the drain turned out insufficient, in cases of a rapidly
filling reservoir; it is such design exercises that strongly support the preference for the internal
blanket. Of course, a first question concerns the permeability estimates for the filter. The
right approach will employ regressions for k cm/s as a function of the pore size d,, (Silveira er
al., 1975) tending to correct in a logical direction the traditional, misguiding relationships on
the basis of the D,, of the grain. A frequent serious error is of gross underestimation of
permeability reduction due to fines in a well-graded material, and due to compaction (a re-
quirement to be carefully appraised). An added word of caution concerns further reduction
of the permeability by compressions under high overburden stresses: the permeability gradient
should favourably increase, from the 1:1 DS point,where base drainage begins to be necessary,
towards the toe.

Special mention must be made of the several publications concerning localized seepage
pressures and statics of piping resistance, accompanied by laboratory tests under highly
idealized test conditions. In the light of my concern with extreme value problems all the
studies in question are felt not to avert the hypothesis of localized migration,because any special
exitseepage stresses and directions (Davidenkoff, 1955; Zweck and DavidenkofT, 1957; Wolski et
al., 1970) or any conditions of arching equilibrium (similar to the trapdoor case (McNulty,
1965)) with probabilistic formulation (Kjeliman, 1964) or with reliance on cohesion (Zaslavsky
and Kassiff et al., 1965 Davidenkoff; 1965) still imply localized averages. The approach of
Peter (1970) studying the dynamic equilibrium of a spherical grain in a seepage pipe might be
more applicable to studies of *self-healing’ properties of graded cores already subjected to minor
erosion. In the face of such excellent efforts that improve the feel for the problem at stake one
must refer back to the very important design principles DP [, and DP 3 to DP 5, and conclude
that such partial solutions are devoid of the nccessary guarantee.  For instance, if one recog-
nizes the importance of cohesion and tensile strength (Zaslavsky and Kassiff, 1965) and of sur-
charge, though minimal (Kassiff et al., 1965), one must emphasize the importance of plasticity,
plastic compaction (e.g. Wolski et al., 1970), direction of seepage stresses, stress redistributions
due to embankment movements, compaction gradients across lifts, construction imperfections
at clay-filter interface and, inevitably, the time effect in producing the gradual swelling of the
compacted clay to a possible total loss of cohesion. Construction procedures obviously result
in significantly different interface conditions: in general because the contiguous sand impedes
kneading, the clay, frequently quite granular (Wesley, 1973), is even more so at the interface,
with a rough surface in no way similar to that of laboratory specimens compacted against metal
cylinders, and in an *unplasticized’ powdery condition conducive to collapse and erosion.

Design decisions must therefore transcend such formulations. Only upstream inclined
filters should be used, to guarantee positive pressures: seepage, gravity, hydrostatic, or from
stress—strain redistributions. In case of doubt, or irrespective of it, err in the direction of finer
filter void sizes immediately downstream of the core by use of well-graded cohesionless
material. The filtering action is obviously of prime concern whereas the drainage action (that
is, control of the flow net) is unaffected by such minor shifts in effective face of chimney, If

&
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permeability is lower than desired it is tantamount to having increased by a very modest width
the impervious core; the coarser fractions of this first transition permit the next layer down-
stream to employ amply draining pervious material. One notes with interest that in the face
of the very complex problem, the type of grossly simplified solution exemplified by Lane’s
creep ratio has not fallen into total disuse (Nakazima, 1968; Breth and Gunther, 1970).

Erodibility of silty soils and dispersive clay piping must yet be mentioned, and, at the opposite
end, there are the problems of ‘self-healing’ and clogging (including presumed chemical clog-
ging by ferruginous depositions) on which crude intuitions furnish the only support.

Within the context of this Lecture, suffice it to consider as an example the problem of so-
called dispersive clays, and to refer the problem to Fig. 2, notes (e) and (f) of extreme-value
failure problems, either progressive or tending towards automatic stabilization.

The recognition of inevitable medium-term chemical influences on colloidal equilibria
(Aitchison et al., 1963 ; Ingles and Aitchison, 1969 ; Ingles et al., 1969 ; and many others) and their
effects on piping failures, constituted a very important signal of caution to dam engineers with
regard to catastrophic failures that would appear to transcend the determinism of the com-
fortable period (circa 1945-1960) of assumed flow net and stability analyses. However, the
cry of caution must be even greater against the upsurge of dubiously formulated concepts and
practices that have arisen therefrom, both in the scientific line of investigation and in the engin-
eering need of positive solutions against risks of catastrophic failure. It has been the emphasis
of this Lecture that it behoves the engineer to appraise first the statistical nature of the problem,
whether extreme-value dictated or associated with averages. Itcan be directly recognized that
even more than physically-induced erosions, the colloid-chemical universe of soil science that
composes the soil physics and soil mechanics universes, is uncomfortably elusive within ex-
treme-value statistics. In such conditions one cannot base engineering decisions of great risk
and consequence on such tests and formulations as are accompanied by statistically undefinable
qualifications such as: ‘such action is probably impossible’, ‘in all records known to the writers’,
‘sample either disperses immediately or it does not’, and so on (Sherard et al., 1972, 1976).
Aspillway design cannot hang on the partial data implied in specific records individually known.

It may or may not be proven that most cases attributed to first-filling dispersive clay piping
really derived from excessively dry compaction in ‘unplasticized condition” in arid regions,
involve significant associated horizontal layering of compaction gradients, drying shrinkage
cracks, quick filling in arid-region hydrology, and so on. The fact does stand out, however,
that generally there were no fully intercepting chimney filters. However, even such a point
need not be stressed, inasfar as ‘generally” does not establish sufficient statistical force with
regard to extreme-value conditions that require abstraction to the limit. The fact is that all
tests on when erosion does take place may impede the engineering solution that requires a sta-
tistical universe of guarantee, beyond an upper or a lower bound, of when erosion is positively
impeded.

Well-conducted grainsize distribution curves should employ the best available dispersant,
and therefore establish a lower bound for particle sizes to be physically filtered (barring chemical
solution). Next, as discussed above, the appropriate filter material should aim at stereometric
hindrance of base particles by filter pores. Finally, against progressive deterioration of any
start of migration, the aim is towards seepage stresses causing compressions (filter inclined up-
stream). Regarding guarantee against some clogging of the soil-filter interface it has already
been emphasized that with an US-inclined filter, the DS stability is not impaired even if an
impervious membrane develops at the US goil-filter interface.  Thus, while scientific investiga-
tion proceeds on the problems of erosion, deflocculation, dispersivity, and so on, the engineer-
ing solution limits itself to requiring-the fully-intercepting US-inclined chimney filter.

:
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Foundation grouting and drainage

The very important debate initiated by Casagrande’s (1961) Rankine Lecture has been
mistakenly interpreted as a call for a stand in favour of one of the treatments as if accompanied
by dismissal of the other. A more realistic attitude generally adopted has been to consider
drainage as obligatory, and to accept a so-called ‘exploratory grout line” as a permissible
complement. As both measures end up being used, one may encounter reasoning towards
minimizing the extent and expense of either or both, since the prevalent assumption is that both
aim at achieving the same effect; thereupon, the danger lies in concepts and practices that,
when transplanted from one site to another without appropriate interpretation of the conceptual
model, might thwart the effectiveness of both. One must caution the designer, that a mental
model applicable to one type of rock and foundation condition may be quite inapplicable to
another type of rock and foundation; it is not because a subject is complex that one may with
impunity apply over-simplified reasonings digressing completely from reality, as assuming a
rock to be a soil, a grout line to simulate a curtain equivalent to a steel sheetpile cut-off, injec-
tion pressures generating radial flow conditions to be hydrostatic, and so on.

In the light of this lecture’s leitmotiv, chronologically it is the grouting that must be decided
on first, and, if applicable, must be given priority. In pervious foundations subject to the
statistics of averages it is accepted as reasonable that one should first hinder seepage infiltration
into the foundation (blankets, cut-offs) and subsequently provide drainage for control of the
seepage (i.e. control of pore-pressures and exit gradients) that would have penetrated anyway.
In a rock with open joints, hindering infiltration is a definite a fortiori prerequisite. The
fundamental point is that flow through open discontinuities represents an extreme value con-
dition which must be excluded in accordance with DP 1, before the draina§e treatment, applic-
able on the flow net principle of statistics of averages, aw B Gttt ,

Grouting has been mistakenly conceived as a ‘curtain’ of very limited thickness (due to
association with driven sheet-pile cut-offs in alluvia) and, therefore, being presumed to consti-
tute a thin discontinuity within a continuum, has been challenged as to its effectiveness by
comparison of uplift a few meters upstream and downstream of the grout-curtain centre line
(Casagrande, 1961; Bolognesi ef al., 1965). The mental model in question is shown schemat-
ically in Fig. 32(a). Obviously one can recognize some margin of error in the assumptions of
upper and lower impervious boundaries to the pervious foundation, of flow net assumed inter-
cepted, as well as in the acceptance of pore-pressures across a significant stretch of hole as
piezometer readings, for questioning the overall grouting benefits, although the sealing of a
particular crack is unquestionable. However, the basic point herein raised is with the mental
model itself, and with the right to employ flow nets to a discontinuous rock medium of abso-
lutely impervious masses separated by cracks of permeabilities varying exponentially.

Figure 32(b) presents a more appropriate mental model of a rock with open joints or irregular
cavities as a mass statistically interspersed with discontinuities. If we postulate frequency
distributions of widths of cracks, and of spacings between cracks of different widths, some
indications on such distributions of the highly pervious discontinuities within the impervious
rock material may be extracted from water pressure tests between packers. By pinching in the
distance between packers to practicable limits of a few centimetres, often a significant water
loss initially attributed to a 3 m stretch may be detected to pertain to a single wide crack. Thus
by carrying to the limit a single crack hypothesis, a local permeability may be proven to reach
about 500 times the average initial Lugeon indication. Such a variation must be superposed
on the initial variations of Lugeon indications from stretch to stretch, which frequently run to
onc hundred to one thousand-fold. Obviously in such rocks one faces difficult extreme value
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conditions. Snow (1968) tackles the problem statistically with results of considerable interest;
however a Poisson distribution is assumed (not an extreme-value PDF), and therefore the
worst possible conditions may not be covered.

Alternatively and concomitantly, further indications on frequencies of crack widths, spacings
and lengths are obtained from measurements in geologic investigations (Priest and Hudson,
1976). Once again, by determining theaverage possible distributions of discontinuity spacings,
and utilizing a negative exponential distribution function, the extreme value statistics are not
covered. Moreover, in the case of direct measurement of crack widths (which is a more
indirect index of desired permeability indications) the further trouble is that permeability is
proportional to the cube or fourth power of the width or diameter. In short, in many rocks
one evidently may face an extreme value condition. Fig. 33 accordingly presents schematically
what is believed to be a more appropriate model. No grout penetrates into fissures below a
certain width, and therefore, as shown in Fig. 32(b), all that can be done is to exclude the upper
part of the width frequency distribution. Grouting constitutes a buffer zone (not a curtain)
within which wide cracks tend to be excluded. The effectiveness of such action is manifold,
including increased moduli of elasticity as shown by tests before and after grouting. The
favourable point is that grout may travel farthest (given appropriate pressure, and stability
of the suspension) in the widest cracks, which generally tend to be longest (and at more irregular
and distant spacings). It may thus be concluded that, if properly conducted, grouting is a self-
proving treatment (as jacked piles) capable of giving greatest improvement where most needed
(and absolutely none where not needed): it is a homogenizing treatment in a discontinuous
medium. :

In Fig. 33(a) by analogy with the dam superstructure one can immediately see why two
piezometers within a grout buffer (equivalent to the core zone) cannot reflect a perceptible loss
of head. Once the flow net has been established free of extreme conditions, the control of
pressures by drainage is the only obvious solution. Finally, Fig. 33(b) schematically summar-
izes some indications of how physical models poorly postulated may very much affect the
efficient achievement of the grout buffer. The principal question concerns the hypothesis
that grouting pressure should not be permitted to exceed a geostatic vertical effective stress,
disregarding residual stresses in rocks, grout pressure propagation in homogeneous cracks,
influences of inexorable constrictions, and so on. The results of recent finite element analyses
and tests (Wallner, 1976), some of which are reproduced in Fig. 33(c) confirm what has been
accepted as intuitive from field observation. It is mandatory to consider each rock and
foundation, with respect for its probable discontinuities and behaviour.

Instrumentation

It might seem strange that instrumentation should be included as an item of design decision
of practical significance to embankment dams, and even stranger to sec it inserted in a section
dedicated to extreme value problems. However, a moment’s reflection on the importance
presently assigned to instrumentation and performance observation of a dam during and after
construction, will surely confirm that some appreciation of the problem is appropriate and
necessary. On attempting to interpret the facts concerning some of the more difficult and
daring dam designs of recent geotechnological times, one perceives that an important considera-
tion was the faith in instrumentation and observation, coupled with the presumed recourse to
the observational method as a hopeful design philosophy for innovative cases fraught with
‘calculated risks”. It appears fair to postulate that were it not for the faith in instrumentation
and performance surveillance, dams such as the Terzaghi, Aswan and Baldwin Hills, among
others, might not have been considered for design and construction at the time when they were.

1
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Fig. 34.  Quantifying observational method through Bayes’ theorem with early data on critical parameters
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Moreover, there are cogent reasons, summarized forthwith, that justify the consideration of
instrumentation on a specific dam as a problem still dominantly influenced by extreme values.
Suffice it to say that engineering preoccupation continues to centre on the limit condition of
failure and on assessing performance through a factor of safety with respect to failure, which
presumably is a rare event. However, indeed the additional implications associating much
instrumentation with extreme value conditions have possibly not been duly apprehended.
And possibly as a consequence it may be noted with some sense of frustration, that some of the
catastrophic failures of recent times have not been restricted to poorly instrumented or badly
observed dams. Two basic points must be made a priori. First, any planning of instru-
mentation and interpretation automatically presupposes an anticipated model of theoretical
behaviour (physical and mathematical) and therefore tends to inhibit, or condition, a truly
flexible visualization of unsuspected problems. For instance in a case such as that of the
Malpasset dam, attention had been concentrated on deformations due to low. moduli of elasti-
city of the rock mass, whereas the factor of unsatisfactory behaviour asserted itself as a plane of
excessive weakness and deformation in shear. Secondly, if instrumentation is to be of any
value to the specific project, it is fundamental (a) to establish prior criteria of the green, yellow
and red traffic signals for decision on action incumbent as the observed results exceed antici-
pated limits and tolerances, (b) to confirm whether or not factors of timing and rates of phenom-
ena under observation will permit any timely intervening action and (c) to possess a realis-
tically planned strategy of control and correction of any undesirable performance. In fact,
instrumentation and observations have been continually planned and executed without due
cognizance of some entirely different purposes that can and may be met, and others that simply
cannot, except in illusion. In the context of statistical reasoning it will thus appear that the
indirect implications of some recent important failures are inevitable. In the Baldwin Hills
failure, one is humbled into recognizing that the ‘observation’ that minimized the catastrophe
was “‘the sound of gushing water’ (California Water Resources Department, 1964) heard by the
dam attendant; and in the case of the Teton dam, the good fortune that the first signs of the
final downstream piping developed in daylight. ;

A first examination of conscience regards credibility of the instrument readings themselves.
Surprisingly, on essentially all instrumentation the credibility is merely established by tacit or
explicit comparison with ‘what should be thought expectable’ (i.e. through some prior theoriza-
tion on averages) or, at best, by comparison of some point observations against others (but all,
inevitably, interrelated implicitly through the same prior theorization). The danger of such a
subconscious conditioning cannot be overemphasized with regard to extreme value situations.
Over and above the very low probability of having located the instrument and readings in space
and time so as to have chanced to record the specific condition or event, there is the near-
deterministic improbability of accepting an unusual reading as a significant indication rather
than a freak occurrence.

The second important point of critical self-analysis concerns the ability or not to calibrate
the instrument in situ as installed, and during a plausible set of initial imposed conditions; and
the further ability to confirm under certain conditions of the later life of the instrument whether
it continues alive and credible. Whereas the in situ calibration of as-installed conditions is not
known to have been required or applied for any instrument, the checking of adequate response
in later life has constituted a strong point in favour of some piezometer types, in which the
pressure may be forced to alter at will and accompanied as it returns to the original reading.
The third gencral point of emphasis concerns the need for an honest cross-examination as to
what is the real purpose and intent of the instrumentation, both regarding the dam itself, and
regarding dams in general.  One should visualize (i.e. postulate, theorize) in anticipation how
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the foreseeable results, and/or parametric variations thereof, will really be applied and achieve
the aims set. A wealth (or rather an expensive mass) of field performance data is wasted
because there simply was no hypothesis context to which it should contribute. Incidentally,
such brilliantly executed, documented, and interpreted instrumentation cases as the Infiernillo
dam might suggest contesting such a disillusioned view, but really support the thesis that the
very same set of results was satisfactorily used to support successive interpretations, first that
results were as expected and somewhat better, and later that results would justify implications
of compaction prestressing (Skermer, 1973).  Thus the vast cumulative expenditures on instru-
mentation have apparently implicitly served to perpetuate *the establishment’ of theorization
that had been chosen a priori. Had instrumentation been planned, this would have been done
according to some theory, and therefore used principally along an engineering preoccupation
with the ability to develop a more fitting computational mask; but this is generally insufficient
to overcome the prior theorization conditioning. In short, whereas we should be aiming at
developing instrumented observations for the development of performance satisfaction indices
(SI) in non-failure conditions, unwittingly most of the planning is aimed at what may be called
back computation ability indices (BCAI).

If instrument monitoring is to provide premonition of failure (Vanmarcke, 1974; Vaughan,
1974) it can only be in mass failures associated with statistics of averages (flow nets, general
slope instability), and a better guarantee against such cases is an appropriate design coupled
with the development of SI indications (Fig. 34) for adverting with respect to evolution of
situations and probable proximity to thresholds of unsatisfactory behaviour. One must defi-
nitely abolish hopesof instrumentation help with respect to extreme value failures such as piping
or cracking. The probability of cross-correlation between one extreme-value condition
(instrumentation on point observations at discrete intervals) and another extreme-value
condition (catastrophic failure) must be recognized as being hopelessly remote, notwithstand-
ing both being associated with the same dam. Fig. 35 summarizes the principal points herein
considered. :

SLOPE STABILITY FACTORS OF SAFETY, PROBABILITIES, SATISFACTION INDICES AND
QUANTIFICATION OF THE OBSERVATIONAL METHOD

General

It is presently recognized that conventional limit analysis factors of safety F are rather un-
satisfactory in concept and in application, in the light of inexorable statistical realities. That
is, one presently questions the single computational exercise that in dam engineering gives such
elation to the junior designer that he even confuses it with the very notion of design, and that is
commonly taken by the geotechnical engineer to be the most crucial problem of the speciality,
Although it has been emphasized that the root problem in design might be to obviate the very
need for a stability computation, understandly one must not forego some conventional compu-
tation of F. The first obvious hope is that the F value should be developed to reflect a real
estimate of the probability of failure. 1t is thus that probabilistic developments have been put
forward, purporting to substitute the conventional deterministic £ values by estimations of
risks of failures or reliability concepts (e.g. Alonso, 1976 ; Matsuo and Asaoka, 1976). Accept-
ing such a premise for a moment one should immediately conclude that required design F
values to be used in different materials and situations must take into account (a) dispersions of
the principal intervening factors, () importance and economic value of the volume likely to
slide, (¢) consequences, economic and miscellaneous, to the project and to socicty, if the slide
occurs,and so on. Many of the latter considerations become rather intangible. However,
ne adjustment of F values 1o ‘being compativle with regard to (a)'1s an obvious engineering
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Fig. 35. Conceptual classification of instrumentation problems and perspectives

obligation equivalent to the manufacture of a chain of links of presumed equal resistance.
Firstly, however, one must establish a single uniform basis of treatment for all materials.
Theorization for calculation of F must be as realistic as possible notwithstanding the random
factors; that is, computations should not be permitted to cloak the principal recognized non-
random cause—effect factors. At present, therefore, by recognition of u as the principal
contributor to instability, and as an observable parameter for control of the embankment
slope, one must accept that nothing but effective stress analyses and strength envelopes should
be used consistently, while intentionally concentrating all variability and discussion in the
single parameter of greatest and most influential variability. It should even be remarked that
for the same reason one should basically rely on ¢* values extracted from drained tests, and if
various undrained tests are justifiably employed, with pore-pressure measurements presumed
valid, the consistent theoretical failure criterion of maximum effective stress ratio bé employed
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for the strength equation, while peculiarities of specimen or soil behaviour (e.g. regarding
collapsing structures) be relegated to judicious adjustments in estimated « values, depending on
hypotheses of applicable constant volume failure conditions within the prototype.

Figure 36 has been prepared to emphasize, by routine limit analysis, that in as far as the £
value is to guard against uncertainties, obviously a rockfill slope should be calculated to
Fz1-1, to match the same risks of failure as compacted clay fill slopes of F=1-5. The data
are hypothetical though realistic. The principal dispersion forcing such a requirement is in
the « and ¢’ values, notably in the v. The Monte Carlo generation of 500 cases was used for
two slopes adjusted to the same average F value of about 15, maintaining a fixed failure circle
and soil density, and assuming normal distribution of all the variates. The resulting histo-
grams are represented in Fig. 36(a). By shifting the histograms to match the same probabili-
ties of failures, as shown in Fig. 36(b), the conclusion regarding the permissible computed
average F values is obvious. Such computations involve less than 30 s in a Burroughs 6700
computer.

Based on such simple reasonings, that are irrefutable and well accepted, one realizes the
need to establish the statistical dispersions of intervening parameters, and may well quantify
the economic gain (and final waste) in gradual increase of numbers and quality of data (affect-
ing principally the 95%, confidence limits). The special point that must be made herein is that
within the same material (e.g. clayey), on recognizing the distinct universes I .and Il caused by
compaction, one should require different £ values if the critical sliding circle turns out to be
shallow (contained in universe I1) from the case where it is deep (involving different proportions
of universes Il and ). On this count alone (to be complemented by comparative slide-volume
and risk consequence considerations) one would conclude that design values imposed should
be significantly smaller for hypothetical shallow circles. & There is, however, a very important
fundamental fallacy of statistical and engineering concepts in such direct formulations referring
to the probability of real failure.

Although limit analysis must continue to be used (to tie in with the past and for convenience)
it should be definitely dissociated from any implication that F=1-0 signifies incipient real
failure. This point is very important on several counts, starting with the philosophical recog-
nition that although we conclude that various methods of analysis give nearly identical results
(e.g. Wright, et al., 1973) the respective certainty is only of equivalence of various computations
within a presumed model, and not of equivalence of the model to reality. However, for the
present purpose only two points will be emphasized: firstly, that failures are (fortunately) ex-
treme value situations; secondly, that what we require as engineers, is a tool for building up
cumulative quantitative support for decisions. Consistent with DP 1 we must avoid any
decision on computation connected with extreme value conditions. One cannot fail to note
the fallacies in presuming to adjust the nominal £ values of just under 1-00 to the back-figured
extreme conditions of a few real failures (as has been systematically done in soil mechanics in
justifying deterministically the adequacy of methods of analysis). Moreover real failures are
rare (except possibly in cut slopes in highway engineering) and it cannot be an honest engineer-
ing hope that a sufficient number of them, well-documented, become available for one to
determine the appropriate distributions etc. One must recall the tremendous variations of
frequencies associated with different extreme-value distributions (Fig. 1), and realize that unless
the applicable distribution is determined (by experimentation plus abstraction), the proposed
methods of probabilistic calculations are mere hypothetical examples of the procedures that
might be followed. Finally, the presumed enginecring answer of relying on very low (e.g.
10-°) probabilitics to compensate for the very hfi"g.h risk valucs (e.g. Vanmarcke, 1974) is con-
ceptually as absurd as the hope of extracting a finite answer by multiplying 1/co by co. ;
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Are there not understandable innate dissatisfactions of the engineer with present failure
probability formulations? If one concludes that risks of embankment slope failures reach
I5 to 2097 (Matsuo and Kuroda, 1974), there is a justified hesitation at accepting the result in
the light of experience, when we just ‘know’ that sliding failure is much more remotely at
stake. How then may one match the mandates of experience and the needs of revision and
yearnings of progress, without requiring the impossible, which is refining knowledge on hun-
dreds of failures of the same non-random phenomenological universe? -

The answer proposed is that one should work in the universe of tangible Fvalues and tangible
measures of satisfactory behaviour of the slope in order to develop, appropriately and rapidly, a
statistical universe of averages correlating F with behaviours. This is akin to relinquishing
bearing capacity calculations on foundations, to appraise a foundation’s adequacy on the basis
of fissures due to differential settlements. Let usrecognize such Fvalues as strictly nominal, and
denominate them Fy. No matter how solidly we found our theories as demonstrating ab-
solutely “true’ F values, in a realistic engineering sense we must concede that these ‘true’
values of today will inexorably become ‘nominal’ values tomorrow. The advent of finite
element analysis has provided a new tool for systematic analysis of deformations, and of change
of the probable trends of deformations as an incipient failure develops. The modern trend
of computation and field observation in earthwork engineering is obviously centred on de-
formation problems, and a vast amount of information is being collected, at considerable cost,
but the principal problem is that once the deformations have been computed and/for observed
there is absolutely no yardstick whereby one should conclude whether conditions are satis-
factory, tolerable, or unsatisfactory. Let us postulate that, based on measured deformations
and the development of a universe of such data in comparisons of elastic against plasticizing
conditions in elasto—plastic analyses, one may develop a feel for remoteness from real failure
(Frather less than unity) and may thereby qualify the condition of each slope by its satisfaction
index (SI) (average and standard deviation). Note that in most statistical analyses of n slopes,
each slope has been wrongly considered as a single sample; depending on the probable depth
of the critical circle, one may estimate the dimensions of the slide face and thereby consider m
independent samples on a single embankment slope (see Fig. 34).

Two graphs are therefore visualized as necessary: one of measured relevant slope deforma-
tions against SI, and the other of SI against F. Although thousands of surface benchmarks
have been observed on embankment slopes, since no thought was given as to how to use such
observations, they have probably been no more than filed. Lacking any immediate infor-
mation for the formulation of the graphs postulated, those presented in Fig. 37 must be con-
sidered merely illustrative for quantification of the observational method. If we must re-
appraise and revise design practices it must be with regard to SI values correlated with Fy, and
not with respect to presumed probabilities of F being less than 1-0. One intuitively employs
‘experience” and the observational method, and feels much greater comfort at design decisions
when one senses the average behaviour; that is, ‘we are, we cannot help but be Bayesian in all
our root culture’ (de Mello, 1975c). _

In Fig. 38 a simple hypothetical case of shallow-slide rotational movement is used to exem-
plify setting the background for the development of quantifications on SI values. By means
of finite element analyses we can establish the vertical and horizontal purely ‘elastic’ move-
ments that would occur after the end of construction; such consolidation movements have
been computed very roughly by introducing gradually decreasing E values. The point is that
if we have deformation measurements along the slope, we must try to sort out what might be
purely elastic movements, and the excess, that may be attributed to smaller or greater propor-
tions of ‘plasticization’.  Elasto-plastic analyses in which the threshold of plasticization were



SEVENTEENTH RANKINE LECTURE

335

2 e
(G ) /1[/ — Z i3 \ "
f T : B T
~a, | 3 ———
s g =
5 7 2 - Sizg
Ak | . 3
Vi ¢ T
v RN i SI=1(acx¢p!l,T)
‘Q? -~
1t -
3 7 - -
3 R=f (ae¢pl} Asgpl cf.FIG. B3 3§
5 ™~
2 / . V
g 1.5 Gg
" {° HYPOTHETICAL, FOR \
/’ . MATERIALS OF STR-STR
,2-1 Y CcURVES as BELow R = FUNCTION REPRESENTING DIFFERENTIAL
" 1.3 : : DEFORMATIONS SIGNIFYING [NSTABILITY
1 ! 1
1.4 18 g 22 TIME FACTOR T
o F dG
\ GE et BRITTLENESS INDEX
\ 5. -6
F R
\ Ql. Qa IB -~ —_6—"-*——-
\__L F
————— (cf. BISHOP, 1971 )
a5 RY  possisLr INSUFFICIENT.
9E pra EXAMINE CRITERION
. & = d& _rtVe, 0K,
A & posi ™ = V&, UNFAVOURABLE

V= VARIANCE, FOR COMPUTING
90 % CONF. VALUES

VRGCK = 2,2110‘3

]
VEJ\RTH =2,8 x10

ROCKFILL

ASSUMING CURVE L
COMP CLAY SHALLOW CIRCLE

FOR BOTH
iie. SI¥ 6 0K
Fy MIN 90% CONF. 5 1,3

10% PROBABILITY Fy < 1,3

i.e.

FOR EQUIV. ST
AF, =015

. Fy aver ® 1,36 ROCKFILL
..REQUIRE

l FNAVER. = 1,51 EARTH

100 f——
FREQUENCY 2/

PRIOR (FIG.%¥T)
F, = 1,49

T

FN; NOMINAL ,
AVERAGE

|

|
|
|

50

MEANWHILE, ASSUMING CURVE M
FOR COMP. CLAY DEEP CIRCLE

o« Py min >
-+ REQUIRE F ,.:51,81 EARTH

1,6 FORSIZ &

IF ROCK FILL RETAINS CURVE L,

FOR EQUIV. SI
AF, =0,s5

r,=0
Fy=1,77

FINAL FN OF DS SLOPE NOT
AFFECTED BY FLOWNET

I~ HYPOTHETICAL WITH

1

IMPROVED DATAON C', ®

0
1,0

Fig. 37, Judicious adjustments on nominal /7, required for equivalent satisfuction indices St
k]




336 V. F, B. DE MELLO

lowered could furnish very useful indications. At any rate, the rotation of the surface plane
associated with presumed plastic movements (excess over the elastic) is indicated in Fig. 38
for computation of a de,, which could constitute the basis for SI values. Referring to the
table of Fig. 38, the value 7** might be used as an example as follows. If at time T, the H and
V' measurements were mercly 14 and 120 cm respectively one could attribute the rotation
a=33" merely to ‘elastic accommodations’. The real measurements, 17 and 155 em would
lead to a rotation of 42-3', permitting the conclusion that de,, =9-3". Thereupon, from field
evidence and *feel’, one might classify such a condition as SI =7, because reaching de,, between
Sand 10" at time 7, would merit grade 7 in satisfaction index regarding potential instability.

Such information is visualized as incorporated into a function R representing differential
slope deformations signifying instability (Fig. 37 (b)). Such functions would obviously re-
quire adjustment from material to material, depending on the stress—strain curves (Fig. 37 (c)),
more or less as visualized in Fig. 37 (a). It is herein postulated that the adjustments of re-
quired nominal F, Fy, values for two materials such as compacted clay and rockfill should not
be based on hypothetical failure probabilities, but on equivalence of SI values. Unfortunately
no data are available for such a formulation at present, but just to exemplify the principle, the
computation is carried out in Fig. 37 under two hypotheses. Assuming temporarily that the
same curve type L of Fig. 37(a) represents both the rockfill and the compacted clay one should
require in the clay a 4Fy=015. Meanwhile, assuming curve type M for the clay while the
curve type, prevails in the rockfill, the requirement in the clay should be of Fy roughly 0-45
higher than in the rockfill. )

Finally, Fig. 37(d) shows what a significant irrefutable increase of Fy occurs in a clay in the
zone downstream of the chimney filter, as we determinlstically introduce the knowledge that,
with consolidation, u is forced to be zero. Also the effect of improved knowledge on ¢, ¢ is
shown, demonstrating the benefits of testing of undisturbed block samples of the fill.

Figure 34 indicates the computations whereby the construction period observational
data should be employed to improve the stability evaluation. The successive results from four
construction period piezometers are introduced by Bayes’ theorem to revise the prior prob-
ability distributicn function of . The value of instrument observations can well be assessed.
This subject and its limitless possibilities for revising construction period stability cannot be
expatiated herein because of lack of space; suffice it to emphasize the interest in instrumenting
as early as possible, in positions as consciously representative as possible, including purposely
sought conditions beyond the customary bounds.

The following topics on slope stability problems of embankment dams (foundations assumed
unquestionable) are discussed in detail in a companion paper in publication, but are herein
briefly mentioned principally to focus on the above concepts of progressive evaluations based
on changes of conditions and Bayesian probability formulations.

Slope stability in dense rockfill and granular materials

Rockfill construction began (associated with upstream deck dams) with dumped rock and
‘angles of repose’.  Stability behaviour, proven in the field, was unquestioned. Sound clean
rock became a requirement to attenuate deformations, and heavy watering by monitors in-
cremented construction-period deformations by promoting crushing at infinitesimal-area
interparticle contacts. Under the action of monitors some shallow sliding accommodations
were observed at the ‘angle of repose’ slopes; at no time was any deeper sliding reported ; yet
current design practice absurdly penalizes cohesionless slopes.” Curiously, when dumped
rockfill was used, steeper slopes were automatic, and when compacted lifts began, accompanied
by laboratory-based theorization, there has been a flattening of slopes in two steps. Firstly,
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Fig. 38. Possible suggestion for start at data collection for satisfaction indices on slope subject to shallow instability

under the impossibility of running laboratory tests, constant 4’ values of 45° were routinely
assumed, and the flattening may be attributed to the imposing of a computed F=1-5, quite
unwarranted as discussed elsewhere. Secondly, when triaxial testing of rock fragments began
(c. 1960) and the use of dirty rock became accepted (and even advocated, in recognition of its
advantage by avoiding infinite interparticle contact stresses), the added problem has been the
adoption of much lower ¢’ values. Moreover, the mental model associated with compaction
hardly reflected any strength and stability benefits due to compaction, possibly because the
introduction of compaction was exclusively concerned with deformations. : -

In short, the critical stability of a cohesionless slope has been equated as F=tan ¢'/tan 8
although this is really an over-simplified truth or white lie, valid only for a sliding mass of
volume d¥—0 and under the crudely simplified assumption of a constant single ¢” material
property dictating such sliding resistance. Those who automatically resort to computer
programs and, on being disconcerted to find that no critical surface results except the slope
itself, apply the expedient of assigning a small arbitrary cohesion value just to permit the
computer to come to rest, merely shift the absurd situation, because the shallow resulting slide
circle is of depth dependent only on the ¢’ value adopted. :

The fact is that on the ‘infinite slopes’ of US and DS rockfill masses, the satisfactory
stability condition is tested and proven, irrespective of the nature of the core or membrane-
facing (laid on the slope after it has been proven stable), emphasizing the acceptability of
slopes not flatter than the freely tipped angle of repose. Statistically the evidence of stability
of the d¥ surface volumes is documented beyond any measure of desire both in dumped
rockfills and, a fortiori, in rockfills that have risen, lift by lift, a few metres: the slope rock
includes the loosest and most unstable blocks (rolled only as far as necessary to stop) and any
slope involves hundreds of areas and masses (statistical samples) involving more than 100
blocks (Iribarren, 1965) to comprise a perfect representation of the universe and its extreme-
valu'c conditions. :
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One question that might be raised concerns the interference of the curved strength envelope
(Fig. 12) in forcing a deeper-seated slide surface. In summary of extended discussions of
different failure models and analyses of the companion paper, Fig. 39 presents an indication
of the results reached consistently by limit analysis concepts; for the constant ¢ case the impact
of the rapid increase of F with importance of slide volume is evident; for the curved envelope
case there is still a small increase of F with depth although appearing to go through a condition
of minimum Fy very slightly smaller than at the surface (material assumed perfectly homo-
geneous). Because of the limited number of rocks known to have been investigated, the results
are not conclusive and would suggest prudence in cases of greater loss of ¢’ with increased
stress, if one could consider the hypothesis of homogeneity valid.

Notwithstanding the intimacy with limit analyses, one should forthwith emphasize that its
very concept is strange on a built slope, in the case of a material of instantaneous stress—strain
effects, if no additional stressing occurs after the end of construction. The reasonable ob-
jective should be to confirm whether or not the stability is automatically self-tested and proven,
as the fill rises at its constant slope. In any granular material, in which very shallow sliding
is the only possibility, it behoves us to extract the necessary lessons on progressive changes of
conditions as the slope rises and provides data pertinent to SI values. In the case of rockfills
rising in compacted lifts, the least that one should recognize is the probably significant ¢’
difference from surface to interior.

An additional consideration submitted as conjecture concerns the possible effects of com-
paction residual stresses. As discussed in the companion papers, awareness of residual
internal stresses in soils has been growing rapidly. The principal questions raised and dis-
cussed are three: would residual stresses develop also in granular (and coarse granular)
materials; is there supporting evidence of measured residual stresses in the field; do such
residual horizontal stresses persist? The indications appear irrefutably favourable. Under
such conjectures, of the very important compaction effect of generating residual lateral stresses,
Fig. 40 summarizes indications of the companion paper, of the very significant influence that
even small residual horizontal stresses can have on the stability of the fill as it rises (Fig. 40(b)).
As shown in Fig. 40(c) and (d) there should be dissipations of the horizontal stresses, but there
is no reason why the dissipation should be to exact equivalence with normally consolidated
geostatic conditions. The results are of sufficient interest to justify a concentrated effort to
record stresses by instruments placed in the rockfill before it is spread and compacted.

Revised design decisions on use of compacted rockfills should permit very significant
savings. The fact is that the field engineer has felt sure of the ability to use compacted rockfills
at slopes of 1:1 or more, while computational models in vogue have been requiring slopes of
about 1:1-7. Moreover, such considerations are equally applicable to any granular compacted
fill, if by proper drainage isolation it fulfils the guarantee of u=0; densely compacted gravels
are well known to exhibit better shear strength behaviour than crushed rock and rockfill.

Construction period stability, clayey material

Conceptually, in limit analysis of the stability of a slope one checks on how big a change of
conditions (additional stressing, or decrease of resistance) might be resisted. In building up
a slope in a progressively ‘more risky condition’ one senses that though the mechanics of
analysis be identical, there is a conceptual strangeness in postulating a completed slope, to
check, at the end, what is its normal factor of safety Fy. In such a case with considerable
control (even ‘full control’, with exception of statistical variance and cost considerations) of
the material ‘as manufactured’; moreover, one presumably employs adequate means for
observing the principal intervening parameter (pore-pressures) right from the early stages of

—
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stressing, and consequently may predict the development of conditions as the fill rises. Ob-
viously therefore, conditions of DP 4 are well fulfilled, and through the observational method
the advantages of Bayes’ theorem may be employed with considerable efficiency (Fig. 3}5’).

Since the independent parameters of decision are w9/ (water content deviation from the
Proctor optimum) and PC (percent compaction), and the subsequent inexorable variation is
overburden stress (assumed o,), what one requires are plausible regressions for r,=/(4w, PC,
@,); and, in lieu of the apparently impotent passivity with which routine compaction speci-
fications are transcribed from project to project, and maintained constant within a dam cross-
section, the principal design and redesign decisions should be on what compaction specifica-
tions to enforce, discriminatingly.

In the companion paper in which the reasonings and procedures recommended are ex-
patiated, summarized here in Fig. 41, the test results of Casagrande et al. (1960, 1962) are used
because they furnish a ‘complete’ set of systematic data (even if somewhat hampered by not
having measured negative u values). The simplest satisfactory regressions thus obtained from
it are set out in Table 1, with 4w(%;); PC (%); ay(kg/cm?). As exemplified, by use of such
regressions, it is possible to set out for the contractor upper and lower bounds of permissible
compaction parameters with regard to end-of-construction EC stability.

The discussion will be limited to the US zone because within the DS zone there are many
expedients for controlling construction period pore-pressure (e.g. Bishop, 1957; Bishop et al.,
1960; Sills, 1975) and the thought of efficient drainage layers may be extended with great
practical and economic interest to the hypothesis of using non-exiting u-adjusters by periodic
lifts compacted very dry of optimum. Such a practical design decision of field inspection
(Fig. 41(b)) was much used in the Tres Marias Dam (1959) although supported at the time with
only qualitative intuitions.

The US zone of our compacted clay dam may be subdivided into three zones with regard
to which compaction specifications should be recognized to embody different conditioning
factors. Firstly, every lift as it is compacted is automatically tested with respect to traffic-
ability, which is a bearing capacity equivalent establishing a homogenizing criterion on all
soils and all conditions of a soil with regard to roller acceptance. Since the net effect of such
compaction is a preconsolidation pressure {Fig. 1), and overburden pressure up to the same
value causes much less shearing than localized pressure of the roller tyre, there is an outer
horizon within which the critical condition is purely of trafficability and desirable precon-
solidation as a function of PC. In principle a sliding failure cannot be generated within this
outer sliver.

The immediately underlying zone is in principle the critical one for possible generation of a
sliding failure and within it the values should be maintained below an upper bound. By
plotting the above regressions on graphs of co-ordinates (4w, PC) for each different pressure,
one finds that these compaction parameters can be easily bounded so as to guarantee upper
limits of r, for each limiting overburden stress, irrespective of type of test. The permissible
limiting r, values can be established with considerable unequivocal conservatism by considering
at each point within the embankment what value of « (and thus nominal r, referred to the

Table 1

PH tests ro=—23944+0-1454w+0-044PC+0:0190, n=91 r=093
PC tests ro=—042040-112dw+0-006PC +0-:0270, n=9{ r=0-89
PN tests ro=—1792+0:119dw+0-021PC+0-0{ 20, n==65 r=092
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assumed o, =y,) would be the absolute maximum at the moment of plasticization (tangency
of the Mohr circle to the effective stress envelope as indicated schematically); it is well-known
that Fy values tend to be quite satisfactory (e.g. > 1-3) when local plasticization begins.

Finally within a third zone, more central and akin to that of puddled clay cores, it is of
interest to seek higher r, values so as to approximate the likely r4 conditions of Wy, hax, tO
avoid significant and unfavourable changes of conditions on first filling (DP 4). Therefore,
compaction specifications may well seek developing higher EC, values, with lower bounds
established in the (4w, PC) graphs of the regressions. In order to establish the concomitant
upper limit of r, values for this central zone, one may resort to computation of the wedge
stability of the outer shell against outward pushing by the lateral pressures of the wet core (as
shown schematically in Fig. 41(c), similar to the classic stability of shells of hydraulic fill dams
(Gilboy, 1934))emp]oying an ample F value.

One tends to find that as regards EC stability the permissible latitude of compaction param-
eters is much wider than that imposed by trafficability of modern equipment. Fig. 41
exemplifies the results computed; depending on the water content of the lift and its position
within the cross-section one could opt for different desired PC values, most of them achievable
without too much adjustment of lift thickness, roller weight, and number of passes. It has
been fallaciously assumed that compaction specifications should be strictly constant, for greater
facility to the contractor. In many conditions much greater construction facility, and improved
behaviour, may be achieved by judicious compaction zonings.

Settlement and permeability problems have not been mentioned, but must obviously be
considered in parallel.

Special considerations on long-term downstream slope stability

Routine design recommendations presently base DS slope stability computations on the use
of full reservoir flow net pore-pressures (HOM). Generally the effective stress equation is
accepted as applicable, although scattered references persist in favour of using the consolidated-
undrained (isotropic) R strength envelope. Intuition has generally suggested requiring a
minimum Fy> 1-5, higher than for EC or RDD conditions, both of which involve risks of
comparatively minute consequence,

The entire situation is not far from conceptually absurd if one really considers the magnitude
of consequences of a hypothetical deep-seated failure upon reservoir filling, or with full reservoir.
It has been repeatedly emphasized that the risk of DS mass instability upon reservoir filling
must be made zero by choice of design such that there is certainty of stability even if pore-
pressures rise to the extreme value (hydrostatic) physically possible. Since reservoir filling can
be permitted only after the DS stability at EC condition has been fully accepted (through
appropriate observations, computations and SI values) it seems conceptually absurd to
analyse DS stability as a ‘total stability analysis’ starting from scratch; what must be done is
to apply the judicious analysis of change of conditions from EC to Wy 1.

For instance, for hypothetical shallow DS failure circles on which there will be no 4u due to
reservoir there is certainty that EC, will dissipate to zero and therefore by Bayes’ theorem the
Fy value can only improve (e.g. to 1-77 as in Fig. 37). Note that in the steady improvement
of Fy in Fig. 34 only the additional variate knowledge on « has been considered, while the final
improvement on Fig. 37 is given by the deterministic certainty on w; meanwhile, during a well
inspected construction of the dam, accompanied by appropriate shear testing etc., by gradual
Bayesian introduction of information on ¢’, ¢', doubtless a further improvement of Fy should
be recorded as shown in Fig. 37.
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In the case of deeper-seated circles, if there is a possibility of change of u from EC to Wi max—>
HYD, as regards driving forces the only concern might arise if the change of conditions in-
volves an increase of u. However, if there is an increase in u value (presumably minimized as
in DP 4) firstly, the soil elements will be moving into an overconsolidated condition; secondly,
the change of conditions is at any rate from one anisotropically-consolidated situation to the
next: there is never any possibility of loading a saturated specimen from the isotropic condition
(CU or R test) to failure; saturation itself is a slower process than establishment of the new
flow net w. One therefore concludes that present routines of DS stability analysis incorporate
major cloaked compensations for the conceptually too low Fy value. In the case of sudden
earthquake loading and of possible complementary du due to rapid undrained failure de-
formations conducive to compressions around the shear surface, prudence would indicate
inclusion of slightly increased du values beyond the presumed hydrostatic extreme. Although
such estimated compression du values may not be certified by measurements, it is preferable to
use them in accordance with the physical reality conceived, rather than to cloak them under
higher required Fy values (Molx’re, 1970b).

Many factors are at play in assuring the desired DS stability of many a poorly conceived
dam section, but it is proposed to relinquish current stability analyses and to envisage merely
the change of conditions from EC to Wy, n.,—HYD by Bayesian computations associated with
performance observations and SI evaluations prior to reservoir filling.

Upstream slope stability under instantaneous drawdown

Much study has been devoted to the problem of upstream stability under instantaneous
drawdown, but extreme conditions for observation are unlikely to occur. It is accepted that
current computations lead to over-conservative designs (see Mackellar et al., 1974; Johnson,
1974, for example) but, lacking support for judicious reduction of conservatism through
lower F, and recognizing the need to examine abstractly the extreme hypothesis (instantaneous
drawdown and fully saturated material), simplifications (Morgenstern, 1963) and authoritative
recommendations (Wilson and Squier, 1969) tend to increase conservatism.

As discussed in the companion paper, the two main reasons for dissatisfaction are, firstly,
that it is conceptually unacceptable to emanate from two totally different criteria, one for so-
called “free-draining fills of low compressibility” and the other for so-called “fill material with
low permeability ... characteristically compressible’ (Morgenstern, 1963) on the basis of
qualitative presumptions of the compressibility at stake. Secondly, with regard to the method
more authoritatively recommended for clayey material (Bishop, 1954; Bishop and Bjerrum,
1960; Bishop, 1964) the designer fecls the frustration that no direct measure except slope
flattening (and that, too, very inefficiently) is available for cause—effect benefiting the stability
in question (Nonveiller, 1957; Dupas et al., 1973). Moreover, the principal design measure of
inclining the chimney filter to US leads to the physically unacceptable hypothesis of negative u
values below (i.e. DS of) the chimney.

There would be considerable interest in using short stretches of purposely steepened US
slopes for the purpose of developing satisfaction indices SI even at the inconsequential risk
of small scoop surface slides. Fundamentally it is proposed that as a design tool, for choice of
optimized dispositions of the drainage feature etc., the only profitable avenue is, as discussed
earlier, to use the Wy, n.x and RDD flow nets to assess what instantancous changes of stresses
would tend to occur if pores and pore fluid were incompressible | the consequences in generating
instantancous excess pore-pressures may then be estimated by examination of the change of
total stresses to which the various soil elements would tend to be subjected. Fig. 42 exem-
plifies the procedure, by summarizing the data from the companion paper on changes of stresses
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at representative soil elements.  Firstly, by assuming incompressible materials and consequent
validity of instantaneous change from one flow net to the next, one derives (e.g. by finite
element analyses) the sets of consecutive Mohr circles of effective stresses. The initial in-
dication in favour of a design comes from the minimized change of effective stresses.  Secondly,
in order to acquire indications on the interference of compressibility, and consequent com-
pressibility,#> du, that may be involved, one may compare the successive Mohr circles of total
stresses. These total stress Mohr circles furnish the indications for the starting adjustment of
stress-path triaxial tests from which one would evaluate the deformability-compressibility du
that would be generated, due to the fact that the ideal incompressible condition is not fulfilled.

[t is contended that the Bishop method of RDD analysis should be set aside, in as far as the
use of the Wy ., and RDD flow net comparison may be adjusted to be conceptually more
fruitful. The latter method begins by providing a clearcut indication of how an incompressible
material would behave, and thereby incorporates the very tool for assessing the added influence
of relative tendencies to volume changes.

DESIGN CONSIDERATIONS AT THE CRITICAL WRAP-AROUND DETAIL

The critical points of design of embankment dams are at discontinuities, and yet on such
all-important details design recommendations are most scant. One such detail that repeats
itself very frequently when the layout requires in-river concrete hydraulic structures, is the
longitudinal transition from earth-rock section to concrete-gravity. The core—concrete con-
tact is well-known to be a problem of great responsibility with respect to cracking and piping.

Fear of a preferential seepage path along the soil-concrete contact has frequsntly led to
designs increasing the core contact to the US face and even to the DS face (serious error);
‘creep ratio’ recommendations have been used, flagrantly out of context or reasoning. The
differential movements of any US clay section with regard to the concrete face, particularly
towards the top, can only lead to questioning the respective sealing ability, especially if reservoir
filling is rapid; along the US and DS faces well-graded purely cohesionless filter materials are
imperative, and the use of steep compacted rockfill slopes minimizes costs by reducing length
of concrete gravity section. As a matter of fact, if slopes are somewhat steeper than conven-
tional the movements would only help tighten the clay contact against the concrete face.

Many are the options and details for such a design. The intention herein is merely to ex-
emplify a design recommendation in favour of improved performance and significant economy.
The basic point is to rely only on the face-to-face contact of core—concrete (analogous to an
artificial, especially favourable abutment); it is of interest to incline the concrete—gravity block
considerably US of the routine condition in order to meet the inclined core. Fig. 43
furnishes the simplest of indications that such adjustments can be made without difficulty; for
prudence the possible advantages which can be derived from more appropriate uplift' and
earth pressure estimations than are routinely employed (Fig. 43(c)), have not been considered
in a first approximation, so as to avoid adjustments regarding deformations and differential
behaviour of ‘soft’ water loading and ‘hard” earth-pressure loadings.

The second basic point comprises the introduction of a subvertical filter-transition along the
slightly-skewed US-DS section that extends the plane of the core—concrete contact. One can
thus change abruptly from an optimized ‘homogeneous’ earth section to an optimized earth-
rock section. The subvertical break that occurs due to different external slopes can be taken
up easily by a fillet of rockfill. Fig. 44 compares the routine conventional design (perspective
and plan A) with the improved design recommended herein (perspective and plan B). Details
of improved filter-transition at the DS edge of the concrete block are not mentioned but are
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very critical in any design of wrap-around; rockfill placed against edges and rigid faces naturally
incorporates the biggest blocks, least rearranged into desired dense interlocking.

Finally, Fig. 43(b) indicates schematically the fact that critical conditions for tensile cracking
as a function of abutment inclinations tend to occur precisely with slopes of intermediate
steepness. Economic considerations forced concrete slopes of about 10:1 and satisfactory
performance, doubtless because at the steep obliquity the differential movement is absorbed
along shear cracks (tight). Along steep rock abutments ill-advised geotechnicians have felt
more free to impose requirements of trimming to intermediate slopes, along which shear
strength easily resists the stress obliquities (especially at the top) and consequently the dif-
ferential movements are accommodated through tensile cracks, generating serious problems.
The attempts to rely on tensile strengths and secondary variations of tensile strains to failure
must be definitely sct aside as dangerous, in accordance with DP 1, since tensile failures and
subsequent piping erosions are quite definitely extreme-value dominated. The choice of
appropriate statistical universe for design should explore weakening shear resistance as
necessary, so as to guarantee that the conditioning differential movement will always be of
shear. An engineering solution that might be explored could profit from the very successful
coatings employed to minimize downdrag on piles (Bjerrum, 1969).

CONCLUSION

Design practices in embankment dams are heavily conditioned by an historical context that
has contributed to important advances regarding behaviour pertaining to statistics of averages
and amenable to routine computations. It is emphasized, however, that statistical chance
may have contributed to the exclusion of extreme-value conditions in many cases, in a manner
similar to the statistics with which a spillway may not be called to face any more than an average
flood in the first year; one may not conclude from this that spillways may be designed for an
average flood.

Embankment dams can be the safest and best dams if designed in such a manner that reser-
voir filling becomes almost irrelevant to the behaviour. A full interceptor drainage feature
well inclined to upstream, coupled with the important internal blanket feature, achieves such a
condition by which it is nearly immaterial whether it is efficiently draining, or clogged and fully
impervious, so that one might demonstrate having guaranteed adequate safety against catas-
trophic mass instability of the DS slope even under the extreme condition of full hydrostatic
pressure on the filter membrane rendered hypothetically fully clogged. Stereometric hindrance
of particle movement by filter pore sizes, grouting for homogenization of a minimum buffer
zone to exclude conditions of erratic highly pervious discontinuities, and favouring a mini-
mized shear resistance zone to absorb differential movements without any hypothesis of tensile
cracking, are examples of imperative prior design expedients of choice of statistical universe.
The basic interceptor drainage feature separates the greatest proportion of the dam volume to
simple functions wherein one acquires the right to play at computations and optimizations.

If prior exclusion of extreme value catastrophic failure has been respected as a sine qua non
requirement to permit meaningful calculations, it will be concluded that significant economies
may be introduced in both the US and the DS zones by use of the advances of the theoretical
tools of geotechnics. Present slope stability computations employ £ values devoid of any
meaning; one has hesitated to accept conscious reductions of required F simply because the
two entirely different classes of consideration, of extreme-value situations and of averages,
were subconsciously mixed into the same requirement.

Respect for precedent is not the respect for a given practice, but for the cumulative distilled
evidence of principles that derive from all practices.
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It has been repeatedly mentioned that the civil engineer learns most from failures, He
must indeed learn from failures (which are extreme events) how to avoid the physical universe
associated with generating them. Subsequently it is within such chosen physical modcls, that
by iterative Bayesian revisions of computations, as associated with average performance con-
ditions of diflerent degrees of satisfaction, he must gradually adjust his potent computational
tools to reality. There is room for much ingenious engineering and considerable economies.
once one has acquired the right to play at the game.
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APPENDIX ‘*

In Fig. 2, items (a) through (f) have been inserted as a summary reminder of further insufficiently dominated
problems in the formulations of statistics and probabilities in geotechnical engineering, especially as may con-
cern extreme value conditions and if associated with the requirements on design decisions of serious conscquence
and as the downstream stability of dams under full reservoir. Well recognized is the seriously aggravated
extreme-value problem (Note (a)) associated with the very small size of sample (leading to wider scatter) both in
the statistical sense of sample of the universe (aumber of tests) and of volume of test specimens or of points of
field observation; McAnally (1975) suggests the investigation of two significant units, the ehus (equivalent homo-
geneous units, specimen interpreted under uniform averaged behaviour) and the sui (significant unit of influence).
Indeed, whereas the frequently suggested use of *least values’ of test results as design parameters must be con-
sidered wrong and unacceptable under any concept, one lacks any help towards estimation of the suis in the face
of specific problems (e.g. piping erosion). Meanwhile, whereas in the common applications of extreme value
probability computations the occurrences are assumed randomly varying and independent in spatial and time
frequency distributions (Notes (b), (c), (d)), it may be reascned that such engineering overriding conditioners as
compaction (which acts most where most needed) and the *solid body’ action imposed in slip movements and
the corresponding conventional limit analyses, definitely impose correlation conditions’ such as the Pretorius
(1972) proven weakness correlation; and, because of the inexorable effects of time and stress—strain history in
soils, the time-random extreme-value conditions are relaxed, it being likely that the risk due to a 1: 1000 re-
currence loading may be much higher if it occurs in the first year of the life of the new structure than if it occurs
in the Nth year.

Finally, itis important to visualize the occurrence of induced extreme-value conditions (Notes (e}, (f))and within
them to distinguish between opposite follow-up trends of the failure (first passage, e.g. Yang (1975)) initially
triggered. For instance if there is piping crosion carrying away a small volume of sand, automatically the pre-
vailing stresses are altered, by a shortening of the seepage path and by stress concentrations around the cavity;
if the net stress concentrations turn out to be yet more unfavourable (e.g. tensile) there is progressive acceleration
of the initially random extreme failure condition: on the contrary, however, there may be a rapid attenuation
and stabilization if there are compressions and arching. If the unfavourable extreme-value localized behaviour
comprises a chemically catalysed iron-oxide clogging, or a colloid-chemical alteration of clay-particle cluster
equilibria, in similar fashion one should have to interpret the phenomena at play and whether Nature’s ten-
dencies of self exhaustion and ‘antibody formation’ will set in, or vice versa,
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VOTE OF THANKS

Dr Burland proposed a vote of thanks. In his introduction, Dr Vaughan emphasized
Professor de Mello's prodigious energy and capacity for work. The Lecture this evening is a
demonstration in itself of these attributes. . I am not competent to comment on the more
specialized aspects of the presentation. However, it seems clear that many of the ideas we




A

SEVENTEENTH RANKINE LECTURE 355

have heard this evening are both challenging and controversial and as such will provoke much
thought and discussion.  This must surely be the measure of the success of a lecture and by that
measure the Seventeenth Rankine Lecture will, [ am sure, have proved to be outstanding. One
of the distinguishing features of Professor de Mello’s work is the refreshing and uninhibited
manner in which he tackles problems. He refuses to be shackled by conventions, precedents
theoretical idealizations and yet his thinking is always based on sound physical principles. He
has a wonderful ability to perceive and to present Nature as she is rather than as others would
like her to be. In this Lecture, Professor de Mello has concentrated on the design of embank-
ment dams. Yet a particularly noteworthy feature of his Lecture, and one which transcends
the specialist aspects of his topic, has been Professor de Mello’s approach to, and philosophy of,
engineering design. So much of what he has said applies to all aspects of ground engineering
and indeed all branches of engineering. His five design principles can surely be applied to
other fields of engineering endeavour. For example, Design Principle 1 embraces the re-
quirement that wherever possible a structure should be ductile. Professor de Mello’s thinking
on the use of statistics and probabilistic methods is both timely and deserving of very careful
study. Early in his Lecture Professor de Mello declared his commitment to tackling engineer-
ing problems that confront the developing nations. His message seems to me to be entirely
relevant to those practising in the more developed countries as well. I suspect that all those
designing engineering structures in this country could, with benefit, ask themselves whether
their grasp of the ‘first order approximations’ is sufficient to warrant the time and expense of
analysing with full frontal assault their way through problems rather than designing their way
round them. I first got to know Victor de Mello and his wife Maria Louisa, who i1s with us
this evening, at the sixth Regional Conference for Africa in 1975. Prior to the conference a
small group, including the de Mellos, went on a pre-conference tour. I know I speak for that
group when [ say that for some weeks afterwards we were living at what can only be described
as ‘heightened’ intensity. Mr Chairman, the Seventeenth Rankine Lecture will be widely read
and discussed. Those of us here tonight have had the unique privilege and good fortune of
actually having listened to it. I speak for us all when I say that we leave this Lecture theatre

with a sense of ‘heightened intensity’ and a deeper insight into the behaviour of Mother Earth. .

Mr Chairman, Ladies and Gentlemen, it gives me the utmost pleasure to propose a sincere vote
of thanks to Professor Victor de Mello for his outstanding Lecture.

The vote of thanks was accorded with acclamation




