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SUMMARY

broadening perspective on the geomechanical interaction problems with ci
others, the interactions in: geology-geomechanics; soil-rock mechanicss
also the important shear-displacement; test-prototype; seepage-uplift-drainage;
instrumentation-observation-acceptability indices; and finally, the interaction o

A discussion of gravity dam foundations on jointed rock is undertaken for the purpose of

vil engineering. There are, anong
the routine load-settlement, and

theory-practice; and also
f subsequent recycling of

design and computational models for iteratively improved guantifiable criteria for avoiding misbehavior.

1 INTRODUCT 10N

The theme of the Conference has been very aptly
chosen, at a time when, over most of the world,
civil and geotechnical engineers have been forced
into a period of more reflection, to compensate for
the frustrating 1ull in activities. Moreover it
strikes me as suggestive that we are gathered in one
of the principal countries in evidence for the
implementation of big civil engineering development
projects under the most updated international prac-
tices; and also that this theme is taken up in one
of the regions that has had the wisdom and vision to
congregate all efforts in a single all-embracing
Geomechanical Society.

1t has been oft emphasized that civil engineering
develops principally through the creative visuali-
zation, generally presumed intuitive, of physical
models that superabundantly satisfy the desired
function. Failures open the window to enlighten-
ment on the physical model of ultimate total mis-
behavior, to be guarded against. Thereupon ensues
the phase of a triple-pronged pincer movement: on
the one hand the codifiers attempt to crystallize
the technological gains for a comforting assurance
of repetitive guarantee against failure; on the
other hand, reality and Society's ever-growing
needs force us to recognize each case as singular,
notwithstanding the general tenets of theory, and
force us forward to test the frontiers of #mpunity;
and, finally, squeezed between these two advancing
flanks, the conscientious column tries to advance
through quantifiable criteria, iteratively revised
a5 testing-computational-observational abilities
progress and are cross-examined with regard to
quantifiable degrees of partial misbehaviors.

Vhenever foundation-siructure interaction is men-
tioned it has been a2lmost autematic to associate
the interaction with redistributions of settlement
deformations. In tribute to the special conditions
above mentioned, under which 1 had the honour to be
invited to offer my message, 1 accept the responsi-
bility of emphesizing that multiple are the condi-
tions of structure-foundation interaction and theo-
ry-practice interaction to which we must devotle our
enihucizsms. As a single exemple, all-important
troucn Trecuently stignatized 2s routine, 1 shall
recort 1o the pradblens of gravity dems on rock
foundations. Azong interactions involving deforma-
bilities end settleents, shear deformations and

sliding failure, impervious treatments plus draina-
ges and consequent uplift pressures, and some
others of secondary concern, 1 shall but cursorily
consider the first, and concentrate on the other
two significantly discussed.

2 SETTLEMENT DEFORMATIONS IN JOINTED ROCK: SOME
PREDICTION VS. PERFORMANCE EXPERIENCE, AND
SUGGESTED REVISION OF HYPOTHESES.

In the problems of soil mechanics and foundations,
the importance of structure-foundation interaction
with regard to settlements was justifiably one of
preeminence. At the start, interest was drawn to
large consolidation settlements in soft clays, and
to damages inflicted to buildings, structures with
which every human being is in some way concerned.
As buildings became higher and more rigid they

also became more sophisticated, with finishing
materials more brittle and expensive: thus the
interest in soil-structure interaction, and theory-
-practice interactive adjustment, has not ceased,
even though settlements and differential settlements
have been reduced to the scale of but a couple of
centimeters. As regards limits of tolerable vs.
unacceptable differential settlements the first
attempt at quantifying quite naturally concentrated
on the presumed “initial cracking". That is, the
first symptom that is subjectively taken as strik-
ing. 1 have noted that observations close to 2ero
are very erratic and inconclusive, and that progress
in establishing quantified criteria will increase
when we shift attention to plotting and interpreting
in @ more tangible range, the variations of be-
havior cause-effect, partial differentials a(/2As,
where C = crack, As = differential settlement,
while all other parameters are maintained constant.

In the case of gravity dams founded on rock, the
concepts and practices started from the other ex-
treme. Rock foundations were generally sought and
assumed, and rock was initially taken 2s so good as
to dispense with quantifications on deformations.
Concomitantly the dam's behavior has been routinely
anzlysed under 2 rigid-block hypothesis. 1t was in
connection with the statically indeterminate arch
dams, their higher stress levels, and foundation
deformations of consequence, that the problems of
struciure-foundation interaction on rock deformabi-
lities ceme 1o the fore.

Of course, the conventional hypothesis for siress



gi51r1ation to tne foundation 1S recognized as
vo=1r31, azalicable 1f the body of the dem continu-
ec oitn its gecmetrically limited crossection into
the race. for tangible ratios of concrete to rock
~cdult £, and for the block on a semi-infinite rock
foundation nedium, revised stress distributions
rave peen computed by finite element analyses (Ro-
cna, 1378), and there have been sundry attempts to
determine in situ parameters and preq:cted settle-
ments, as well as prototype observations for com-
parisons of observed vs. predicted. Although there
is but little concern with settlements {up to a few
centimeters, such as would tear waterstops between
blocks, or impair operation of mechanical equipment
eventually affected) the basic fact is that one
seeks to quantify predicted and observed settle-
ments in order to investigate the thresholds of )
impunity for the cases, more probably in the offing
when less competent foundations may have to be

accepted.

Many are the projects of my experience in which the
best available international (European and North
American) testing techniques were unp'loygd for de-
termining in situ parameters for foundation rocks
and rock discontinuities, and subsequent settle-
ment predictions were carried out with every so-
phistication of finite element analyses and para-
metric variations. Special reference may be made
to the Sao Simao, Agua Vermelha, Nova Avanhandava,
and Itaipu Dams (the latter an alleviated gravity
type) all of them reported in many publications.
Figs. 1, 2 limit themselves to reproducing indi-
cations of observed vs. predicted settlements of
the lowest and highest dams, Nova Avanhandava (35m)
and Itaipu (190m). The gist of the comparison is
that the prototype behavior has been invariably
very much better than predicted.

Foundation deformability has been postulated on the
basis of conventiunal parameters E,p of the rock
masses (subhorizontal) varied basalt horizons and
Ky and Kt (normal and tangential rigidities of dis-
continuities, apud Goodman and Christian, 1977).
ANl values of E, Ky and K¢ for computed prediction
have been extracted from very many meticulous field
and laboratory tests; the exception refers to p,
for which the routine has been to adopt 0.2 (based
on a few published laboratory tests, on hard rock
specimens, a questionable routine that prevails,
for absolute lack of data).

The lack of compatibility between computed and ob-
served values is so great that it becomes difficult
to choose how to express it, whether as a differen-
ce (mm) or as a ratio, or ratio of difference: such
ratios 1n some points go to infinity or even to ab-
surdity, when an unexpected +ve value, settlement,
registers as a -ve value, due either to observa-
tional errors or to erroneous geomechanical or com-
rutational models. Such vicissitudes are, to begin
with, inevitable, in the range of the very small
values at play, but, moreover, in such a range
should be reccgnized as meaningless and purpose-

less.

A recent conclusion (Souza Lima, 1983) would

be that (for the Itaipu dam) much better correla-
tions of observed vs. predicted deformations were
obtained when the conventional assumption was
abandoned of 2 vertical crack into the rock along
the heel (upstream)of the dam. One must guard
carefully against any unsupported conclusions that
might in a given case arise by fortuitous compen-
sating errors, the likelihvod of such & vertical
crachk is discussed below, and postulated as a de-
batable dusign decision.
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Fig. 1 Itaipu Dam foundation deformatiens,
observed vs. predicted. (Souza Lima, 1983,
de Barros and Barbi 1983)

The basic question recognized as blatantly signi-
ficant is the interference of in situ stresses in
rock. Geomechanical computations in rock mechanics
took over from early soil mechanics the hypothesis
of 2 known uniform geostatic overburden stress-,
and stress variation with depth.

The question merits reappreciation at depth, since
not only settlements, but also shear displacements
along discontinuities, seem to be invariably over-
estimated (Figs. 1,2), at least in igneous and
metamorphic rocks. 1 daringly submit that we face
interesting problems of geology-geomechanics in-
teraction in theory, much more promising in signi-
ficance than random adjustments in sophistication
of finite element computations.

To begin with, in competent rocks the dispersions
are very much bigger than in soils, since 2 rock
mass may have very high strengths (internal stres-
ses) but along planes of discontinuity can have
2ero strength (precisely because Lhe strong ele-
ments carry the burden). We must, therefore, rea-
son on the basis of histograms. Secondly, when
dealing with a broad histogram and hysteresis (ine-
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Fig. 2 Nova Avenhandava Dam, shear displacements observed vs. predicted (Miyaji et al, 1983)

xorable in Nature) we must attempt to interpret
from which end we approach the histogram (which re-
jection criterion, upper or lower), as schematical-
ly shown in Fig. 3. In an analogous manner it was
shown (de Mello, 1980a) that whereas uniform sands
were reported (in early simplified concepts) as as-
sociated with a single stable repose slope, in the
case of rockfills the excavated slope is much
steeper (=550) than the slope of the end-dumped

stockpile agrowing (=359).

In short, I would postulate that in 2 sound brittle
rock it is rigid rock elefents that carry the
stresses (and absorb the consequent deformations),
nuch as 1 postulated for the behavior of saprolites
(de Mello, 1972): the PRINCIPLE OF EQUIVALENT DE-
FORMATIONS, whereby initial locked-in stresses un-
der overburden conditions are different in contigu-
ous rock elements of different rigidities, and
vhiereby for sma)] stress increments the deforma-
tions will be equivalent, and for somewhat higher
stress increments, the incremental stresses will
be distributed in direct proportion to the rigidi-
ties, in an attempt to maintain deformations
eguivalent.

Unger such a postulation the geologist must be in-
i:nsely consulted regarding formative and decene-
ive processes of a given rock and site.

AR | site. hay we
of yuould ve assume Lhat i1 & subhorizontal crack
~21ihers, the areas eaposed 1o weathering do not
terry rore then a small fraction of the imposed
tiretses, and reanchile it is on the hard ( sound-
er ?) contacts an limited aréas that the stresses
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proportionally higher) are effective ? How much
longer can we permit ourselves the uneconomic play
at geomechanical structure-foundation interaction,
without introducing the geology-geomechanics inter-
action ?  Are we not conscious that in situ stres-
ses need not be zero at the surface, neither do
gepstatic variations with depth (in the small scale
of our routine projects and the relatively rigid
materials) follow the flexible behavior postulates
of sediments ?

We might, indeed, profitably shy away from the in-
tense dispersions of point measurements of in situ
stresses, to concentrate attention on the behav-
iors of-3(stresses) vs. 3(strain), in higher stress
and strain ranges, of more tangible interest.
knowledge is especially elusive in matters of les-

ser relevance.

3. SHEAR DISPLACEMENT INTERACTIONS. SAFETY

AGAINST FAILURE

33 Discontinuities Really Critical as Regards
Shear

One of the lessons that in my experience made a no-
ticeable impression in my mind is that our intui-
tions, generally visual, regarding a discontinuity
presumed critical with respect to shear resistance,
are frequently illusory. a) In the 1930's and
1940's many shear tests were carried out on the
concrete-rock contact plane, presumed to be criti-
cal: no test ever corroborated this fear, the fail-
ure having always occurred along rock-rock planes a
trifle lower. b) When I inspected the failures of
the concrete dams of Malpasset (arch, 1959) and
Anel de Dom Marco (gravity, 1973), it was noticea-
ble that all the concrete foundation blocks (those
of Malpasset transported hundreds of meters down-
stream) always occurred with some foundation rock
adhering. Even in the argillite of Anel de Dom
Marco, the cementing effects of the concrete's
slurry penetrated to some depth (a few to a dozen
centimeters): the weakest plane ceases to be coin-
cident with that of the descriptive or apparent
discontinuity (concrete-rock). ¢) In the investi-
gation galleries of the Sao Simao dam (1973) the
flat planar discontinuity of the black dense ba-
salt on top of the yellow intertrap-sandstone (as
if "ironed" by the basalt flow) was so salient

that many tests were run to investigate it. Once
2gain, the basalt had "cooked" the sandstone down
to 2 few centimeters below the contact, and all

the shear failures occurred along sandstone-sand -

stone .

3.2 Current in Situ Shear Tests in Rocks: Soil-
-Rock Mechanics Interaction

In a manner similar to what had occurred in Soil
Fechanics, the direct shear test in Rock Mechanics
started out in utmost simplicity, seeking to main-
tain o constant and increasing 1 to failure. Let
us exclude ab limine the cases of unfortunate
ignorance in which the test equipment or set-up
did not respect applying the horizontal shear force
téngent to the plane (or inclined passing through
the center of the area to be sheared). The most
frequent convenient routine applied an inclined
transverse load (at zbout 200) ipso facto increas-
ing 1. To minimize numbers of test set-ups and
problems of interpretation of series of tests af-
fected by heterczeneities, one routinely adopted
tre multiple stege testing technique (daveloped in
s0il rechenics around 1948, Taylor et al.) of
tpecial interest for establishing ¢ = dig/ds along
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Fig. 4 In situ rock test, OCR effect 1

the selfsame joint.

Further consideration will be given below to the
difference between strain-controlled tests (more
frequent in soil mechanics) and the stress-control-
led tests (soft load) of more frequent use in rock
mechanics because of justified search for equipment
simplification if and when facing bigger forces.

0f the many possible links between soil and rock
mechanics experimentation the following two are
selected for mention.

3.2.1 Precompression effects, observed both in sound

rock-rock contacts and in joints weathered
inte clay.

An early observation in the great number of tests

on shear and tension joints in the basalt flows
arose when by chance one tested "precompressed con-
ditions" (that is, with overconsolidation ratios

OCR > 1.0): the shear resistance reflected a defi-
nite increase in comparison with virgin pressure
conditiqns (Fig. 4). This was observed since the
earliest series of tests, 1964-73, and orally com-
municated, being thereupon published by Nieble et

al. (1974). Interest in such a fact would be

modest ‘were it not for its consistent nature: and |
this, despite the most frequent strain-softening |
type of stress-strain curve, which significantly
attenuates the direct appearance of the effect.
Theory-practice interaction fully supports the |
observation through association of such strength
increment with the hysteresis of compression-de-
compression. In sound angular rockfills the crush-
ing of point contacts causes & marked hysteresis

and the consequent apparent cohesions under OCR > 1.
Thus, at the two extremes, that of clean sound
cracked rock-to-rock angular contacts, and that of
Joints weathered into clay (de Mello, 1%80a), if
the stress path incorporates a preccmpression OCR >
1, we must be favoured with 2 resistance higner than
that of the routine test which imposes a distinctly
unfavourable stress path in comparison with most of




the base of the dam, principally upstream.

This effect is not so small as to merii being sum-
marily set aside in design practice; at any rate

it must be investigated under scientific-technole-
gical curiosity. Fig. 5 indicates the increment of
area of shear resistance reaching up to 20% based
on the test data, and assuming OCR reaching 2. It
is of interest that while increasing uplift pres-
sures affect stability unfavourably, ipso facto the
increasing DCR would contribute with a compensat-

ing effect.

Any such hypothesis should serve principally to
orient immediate testing for confirmation or rebut-
tal. Some forthcoming in situ tests IN NATURA
should be run imitating more realistic stress tra-
jectories of dam prototypes, including an increase
of 1 simultaneous with the decrease of o after z
certain time of rest under end-of-construction a.
In soil mechanics tests there have been repeated
demonstrations of the importance of the time of
accomodation under "secondary compression™ in in-
creasing the "cohesion component”. Fig. 6 shows
that the same type of tendency has been proven in

rock, which is as one should expect, since the ef-

fects of a "break of structure” and crushing are
analogous, dependent on time of accomodation.*

In appraisal of resistances to be attributed to na-
tural joints the concern, intuitively comprehensi-
ble, has been for investigating as most critical
the joints weathered to a clayey condition. Set-
ting aside temporarily the question as to which
materials are really effective, we recall that the
advantages of OCR in clays are well established.
Thus, since at both the extremes, of sound fractur-
ed rock and of a clayeyfied joint, we expect per-
ceptible "cohesions®, it may be that the cases less
benefited by the real stress path in comparison
with the routine test be represented by moderately
weathered joints (sandy-silty conditions) corre-
sponding to greater contact areas face-to-face, and
correspondingly smaller contact stresses.

The multiple-stage shear test has found frequent
use, under the scund principle of better defining

a2 ¢ = 31f/30 on the self-same specimen and shear
surface, and also for minimizing costly specimen
and equipment installations for each test. However,
there should be some correction applied to the test
results of the 2"d, 374 and 4th stages, in conso-
nance with the stress-strain curves. Fig. 7 illus-
trates how the subject has been often treated in
soil mechanics when one possesses strain-controlled
tests (cf. 3.3 below), and it can be seen that un-
der strain-softening conditions one should be bene-
fited by an incremental resistance shematically
indicated in Fig. 7c.

3.3 More Realistic Stress Paths for Foundations
of Gravity Dams.

Fig. 10 sumnarizes roytine indications under the
numinal hypothesis of the statics of a rigid body.

* ¥ith due prudence 1 postulate that the secondary
cepression or creep time effects may work either
fevouring or deteriorating (semilog linear) a
thear resistence, and the limit for differentiat-
15 tuch tendencies does not seem to have been
“ufined by resesarch to date: possibly under con-
d::1ags_uf F5 > 1.5 the time effect should be
1i'¢f1c1al. vhergas for FS < 1.5 the anzlogous
«fiect could be deteriorating.
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Since the concrete rigid body is much more imper-
vious than the foundation rock, and the latter
generally occurs as saturated whereas the concrete
does not, then, as the reservoir fills and applies
the shear 1 the uplift pressures on the base de-
velop simultaneously generating some value of OCR
under part of the base. Only in some area under
the toe, if we rely on the good drainage generally
imposed, we face the unfavourable stress paths
without OCR such as pertain to the routine rock
mechanics test. Further refinements may be intro-
duced regarding changing seepage and drainage condi-
tions with time, and somewhat different stiress
distributions within the gravity block and at its
base under more realistic conditions of elastic
bodies. (Fig. 11)

3.4 Stress-control vs. Strain-control Behavior:
Test vs. Prototype Comparisons

It 1s eccepted that for the better investigation of
materials behaviour the strain-control test is more
gppropriate, permitting characterization os stress-
-strain curves as one approzches failure (e.g. FS ¢
1.2}: all the more so, when cne intends to control

&n¢ inwcctigate post-failure conditions, especially
tle —aterials (strongly strain-softening).

in :r]'__,‘_
fig. & sur—arizes the classic information on the
teyic, nciuding the influence of equipment rigi-

dity on the stress-strain shape.

The tendency is for the stress-control (T) eguip-
ment to record a peak value slightly smaller (which
may be attenuated by progressing by very small
stress increments as one approaches the peak); it
also fosters an illusion as to the existence of 2
"plateau” after failure (non-brittle), simply be-
cause the deformation accrues very rapidly, and one
cannot record with ease the concomitent drop in
stress. Meanwhile the excessive deformation cannot
but subject the shear plane to some crushing and
polishing, and thereupon the strength differential
314/30 for the subsequent test stage suffers a re-
duction in comparison with a2 multiple-stage strain-
-control test (D) in which one is able to stop
right after each peak. Yet, even the strain-con-
trol stage test itself cannot but evince zome loss
of strength if compared with 2 series of identical
specimens IN RATURA (IN) under different - values.

Understandably, practical and economic factors led
to Rock Mechanics' in situ testing as stress-con-
trol, and with simultaneously increasing - wiih 3.
Upon such recognition, however, it w.culd keve been
of interest to alternate the great nusters of in
situ tests with some latoratory research testing 1o
decrease the ignorance on applicable weighlec cor-
rection factors for the routine in situ tesi re-
sults. The questiun affects not merely the pcat
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The application and applicability of the correction
to the friction angle ¢ as a function of the
asperities of inclination i (Newland and Allely
1957, Patton 1966, etc.) has been one of the most
discussed points of practical rock mechanics as
applied to the stability analysis of gravity blocks
as compared with slopes etc.

One does not question herein the interference of
the average inclination (dip a) of the hypothetical
plane (polished) to be analysed under the rigid
block routine of statics (Fig. 10). The discussion
centers on the asperities of angle i with the
average shear plane, presumed polished: in
accordance with Patton and subsequent school, the
inclination i should be used for correcting the
experimental results to obtain the true ¢;
thereafter, in the stability analysis of the
prototype one should apply a judicious composition
of the ¢ value with the i value judged to be
applicable.

Having run a shear test it is easy to open (in ten-
sion) the two faces of the sheared plane, and to
mea2sure angles 1 if the asperities have not been
too much impaired by crushing; and, assuming 2
uniform 1 it is easy to apply the proposed correct-
ion to the ¢ apparent obtaining ¢ = tap =1, The
thesis is crystalline in “engineering science”, and
applicable when assuming uniform asperities (in
inclinetions end crushing resistances). However, I
submit that in practice this gecnetric-physical
idealization set aside earlier dilatzncy/com-

Estimates of OCR for different loading phases
Example of better adjusted stress distributions on base

pressibility corrections by the work equation
(Taylor 1948, Rowe 1964, etc:), and led to a dead-
-end alley. One must distinguish between what is
useful and valid for academic conditions and
a-posteriori analyses, and what the engineer can
apply with reasonable confidence as a basis for
design, prior to failure (since such failure is
what must be averted ab limine).

I submit thus that in my experience the orientation
of the i correction turned out to be unfortunate
for professional practice. The following are some
of the primcipal doubts to which we have been sub-

jected:

a) In the observed values of ¢ap we zbsolutely do
not know what partial contributions to assign to
cohesions, whether cementitious, whether pertaining
to secondary compression of millenial interlocking.
The references generally considered non-cohesive
contacts.

Setting aside the scientific comprehension of phe-
nomena, what benefit is there to enginearing in
resorting to solutions based on intrinsic, inter-
nal behavior, only determinable a posteriori, af-
ter failure, in comparison with an approach based
on cbserving the composite effects of dilatancy/
Jcompressibility as exteriorated (since the very
beginning of the shear stressing), and on apply-
ing the corresponding correction in function of
the data as observable in an analogous manner both
in the pre-design tests and in the project monitor-



1 resistence values and the strength eguation to
Le #dopted, but also the use of more judicious FS
values, which depend greatly on the nature of the
ctress-sirain curve (britile vs. ductile etc.).

Setting aside for the present the "corrections" of
the resistance (observed) through the work equation,
in thz search for “intrinsic" shear strengths
expurgated of effects of compressibilities and
dilatancies, one recognizes that tf must be
defined as & function at least of o (normal stress)
and 4H (shear displacement), 1f = f(o, 4H),

through two partial differentials a7f/d0 with &H
constant, and @7f/aH with o constant, in the manner
suggested in Fig. 7 (for statistical regression).

3.5 Corrections for “"Asperities" (roughness) in
Accordance with Patton 1966 et al.
(many others)

'b &
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ing? There may well result an unfavourable
influence if a misunderstood academic attitude be
wresumed to substitute, and not to complement, the
2zprozch more amenable to professional practice.

?} In the shear test itself analysed a posteriori,
“wre 1s a full histogram of i values of asperities,

s other histogram of degree of contact face-to-
= egg of the different asperities, another one of
‘"neitions of riding-over, another one of-
ritistences 1o crushing, and so on: which should
.t =€ the values of i to be considered as
e :'1L"t? Civiously they should vary with o: yet
sef lest cubjected 1o multiple failures they
S Lipn Eg:pn &5 noainal constants of the
ERL there are ceses vhen one chserves a
- T4tvicn (e<ternal) but (erroneously) continue
_ --irect the 3 of asperities visually measured
= =7 7 = 0 2fter the specinen has been opened.

Many are the problems in reality in comparison
with the idealization (Fig. 92).

Theorization bzsed on uniform asperities i,
perfectly snug simultaneous contacts across faces,
saw peaks of identical shape and unbrezkable, etc.,
inevitably demonstrates the eguivalence of the
correction through energy bazlance with the
geometric (E = ) method of Patton et al (1966)

{Fig. 9b).

c) The application of the correction (either by
work equation, or by ceometry) lowers the resist-
ence up to the pegk, but essuming a drop of
siress-str2zin and 2 co-pression, after trensposing
the peak the Zzpp should be corrected upwerds (for
the ¢ult and :cres). Ho.ever in the routine test
the interferences of 4c introduce errors. One me-
thod of correclion senetimes adopted has been by



caleulating nominal 1 values based on concomitant
vertical ¥V and horizontal ¢£H deformations: thus

i = tan-V 2v/:H would be calculated and either sub
tracted from ‘app when iV = 4 ve, dilatant, or ad-
ded to it when LV = ve, compressive. Needless to
mention, in order to correct for the interference
of 2, one should have obtained some data of aV vs.
Ao (compressibility under normal stress) in order
to subtract it from observed 4V and obtain the
remaining &V related to shear. Such corrections
based & corrected nominal i are clearly more

acceptabTe than the gecmelric ones based on
profilometering.

In short, independently of the results it seems
that in professional practice it proves preferable
to apply corrections based on the work eguation in
consonance with meticulous observations of defor-
mations during shear, applicable analogously in
tests and in prototypes. The academic (synthetic)
approach is useful for estimating when no tests can
be sought, but geologic and geomechanical estimates
of asperities are made available.

One might yet speculate on the context behind the
proposition by Deere, Patton, Barton etc., in com-
parison with conditions that obtain in gravity dams.
Unguestionably one needs to reach 2 ¢value expurgat
ed of i when it might be necessary to substitute
one value of i by another. In the cases of very big
masses (slopes) subject to large displacements and
deformations (meters to several meters) there are
situations in which one should subtract the effect
of asperities of second order (millimetric) and
include, in substitution, those of first order
(decimeters or more). It seems that at the origin
of the propositions of the authors mentioned the
problem of stability of slopes was generally im-
plicit. In the case of gravity dams the displace-
ments predicted and “accepted” are of the same
order of magnitude (submillimetric to mms) as those
of the in situ shear tests. The asperities to be
considered in any situation bear relation to the
shear displacement, and not to the dimensions of
the shear plane: influences of dimensions of pla-
nes (Fig. 12) and model-prototype scales only have
to do with probabilities of occurrence of signifi- -
cant and/or conditioning extreme vs. average-qua-

lity asperities.

3.6 Frequent Inapplicability of ¢ Residual (or
even less) on Clayey Joints: Clayeyfied
Joints vs. Clay Infillings.

A concept that has frequently led to the adoption
of strength parameters excessively lowered arose
from laboratory test-confirmation (Kanji 1974, apud
Deere etc.) that clay in-fillings (remolded, plas-
tic) consolidated between two rigid faces (of
rocks, polished or with synthetic roughnesses) give
a low », analogous to $res. or even lower, presuma-
bly because the platy clay particles are flattened
parallel to the shear plane. Set aside the conco-
mitant indication that such behavior is a function
of Ip, obviously to be reappraised in function of
at least the pair of indices (W, Ip).

There is nothing more difficult in civil engineer-
ing professional practice than to face in proto-
types, of serious responsibility, a pseudo-truth
jenerated in the laboratory; nothing supports us
but the “mental tests” which suggest the inap-
plicahility of the results in reality. Valid in
their own specific conditions such results "only"
impose more conservative [(and expensive) project
solutions: the eventual lack of SAFETY is a factor
still difficult to nuantify and confirm, but has a
justified mpact of absolute taboo.

The mental test refers to two aspects: a) the pos-
tulation of the geologic history of the joint and
its weathering; b) the visualization of which
contact areas do effectively work and will so con-
tinue under the igcremental stresses.

1 repeat that it seems to me inexorable that in the
conditions of very broad histograms of stresses and
rigidities really effective, and the really small
strains at play, what should prevail is the prin-
ciple of equivalent strains, strains made uniform
by stress redistributions.

On a subhorizontal joint in rock, if certain areas
were permitted to weather into a soft clayey condi-
tion, we must reason that on such areas the effec-
tive stress must have a very low value, whereupon,
for the static equilibrium of the overlying
weight, the rock-rock contacts remain under high
contact stresses. The Soil Meghanics assertion that
a soft clay can only be associated with a low
effective stress is undisputable: what remains to
be affirmed, by geology, is that & sound rock
“bridge” under high intergranular stresses cannot
suffer chemical weathering to the softened clayey
state.

What matters, therefore, is to investigate geomecha
nical behaviors of such point contacts under pres-
sures and pressure increments very much higher than
the average values computed from overburden weight.
The clayey area will only be brought into action
under the proviso that stresses distribute to the
rigid and compressible areas respecting the equiva-
lence of deformations (de Mello, 1972).

Big projects of responsibility cannot adopt such
intuitive reasonings without the supporting infor-
mation and confirmation. The intuition must be
enunciated, however, in order to orient purposeful
programs of testing and instrumentation-observat-
jon. It is in the concrete works of hydroelectric
projects that lie the biggest costs and biggest
probabilities of savings. In all cases (especially
the Agua Vermelha Dam with a wide-open subhorizon-
tal crack of several mms even to cms) observed
deformations (of compression and shear) were
insignificant (Fig. 1, 2).

The weathered-in-situ clay that results in a joint
(mineralogic expansions etc..) can only have a
“clay structure” of well “flocculated” particles,
using terminologies of Lambe 1958 somewhat revised
more recently by Mitchell. Moreover, because of
the differentiated mineralogies in the parent rock
components, the residual clay cannot possibly
occur in the homogeneous plastic condition of a
clay-mineral, laminated and “"dispersed” (apud
Lambe). Recognizedly however if the dam's shear
displacements reach some mms (thousands times the
clay particles) the clay platelets should become
aligned, due to the enormously different moduli of
the rock faces and the sandwiched clay.

Thus, if we do deal with a clayey thickness parti-
cipating in the shear, the decision on the applica
bility of lowered ;' because of clay alignment (in
dicated by the strain-softening curve) it is in-
dispensable to rely on expert advice from a geolo-
gist, and from micro-structural analyses of the
clayey material, in order to establish the pro-
bable history of shear displacements (Fig. 13). On
the other hand, regarding the job itself it 1s
important that the civil engineer predict some ran
ge of shear displacements to be considered (cf.
Figs. 1, 2). This important paraveter is not 2
fixed behavioral property, but depends on struc-
ture-joint interaction taking inte account Best
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Fig. 13 a) Inversion of shear direction.
b)Schematic example for dam.

estimates of geology-joint interaction.

1 mention in passing the weight carried by termi-
nology in conveying implicit concepts. It is un-
fortunate that the term “clayey in-filling"has
been applied to all joints: “implicitly one en-
visions a fixed container, and @ filling by entry
and depositon. There might be some such joints:
the Kanji 1974 tests might well adapt to such
cases. However, most joints would merit being
called clayeyfied weathered joint" or "siltified
weathered joint". Their contents might even be
removed, even by the dreaded term "piping", but
cbviously with no engineering conseguence at all.

a. SHEAR STRENGTH EQUATION TO BE USED

Some problems have been intensely discussed over
the past 20 years, without any tangible learnings
(cf. INSTRUMENTATION below). Briefly considered:

1) applicability of a strength equation realisti-
cally closer to the maxima, to averages, or to the
minima (within the statistical dispersions);

2) resistances at peaks, or at given deformations
{e.g. ﬁ@w or 10mm) or even corresponding to the
tunventional "ultimate" or "residual® values;

2) influence of comparative areas, test vs. pro-
itiype, and comparisons of “asperities" at the
sreles of test vs. gravity-dam base (already
Sittussed).
*+ Yech of knowledge on the topic has been system
2211y cemouflaged under discussions on the
=witznt interference (obvious) of Factors of
“¥. for minimizing confusion on the topic,we
carily set aside the gquestion of “judicious
so=tTunts of Factors of Safety (and of Igno-

".’.tw tw@t depending on different prevailing
s 11 2y be more logical to employ ei-
=tove the statistical average, or the

sverages, or cven those closer to ine lower Lound
of confidente bands. This should pe pranzipaliy
dependent on the history of developnent of tne rock
and its"%oint, and on the relative rigidity of the
gravity-block vs. the shear deformability of the
joint. 1t is, once again, 2 crucial structure-
-foundation interaction problem.

For employing statisties and probabilities in such
topics we cannot exclude assessing first the phy-
sical mode) implicit in the statistical universe.
The first question refers to the influence of areas
and/or dimensions (of the bodies and/or the dis--

placements).

Fig. 12 reproduces some research results on the
topic. At first sight such data conclude in fa-
vour of undisputable reduction of the resistances
(peak), concomitant with an increase of displace-
ments to reach the peak. The autors explain that
the sheared surfaces opened-up a after failure re-
vealed contacts only on 10-20% of the area, and the
very high contact stresses would be responsible (by
a shift in the position of the Mohr envelope of
21§/30 = AsHN). Thus they affirm "There would
probably be no size effect if the contact areas of
*Jarge' and 'small' specimens were the sam": 1
agree, and submit that this important problem
hinges immensely on judicious judgment, associated
with three index behaviors related to "plastificat-
jon", that is, the change from brittle to ductile
behavior:- a) curvature of the shear strength enve-
lope; b) increase of deformation to the peak with
increasing o; c) the differente between the peak
vs. residual strengths (Bishop's brittleness index)
or as proposed to be hopefully better, the differ-
ences in slopes at/3tH before vs. after the peak in
stress-strain curves (de Mello, 1977).

Idealized theorization of mathematical-probabi-
listic safety of structures Ferry Borges,(1954,
1971) suggests for the "ruin of groups"a dis-
tinction between types of groups: brittle, strong,
fibrous, ductile; the ones of closer interest to
ourselves are the brittle and ductile. Further, in
the theory of similitude one must compare similitu-
de conditions for brittle and ductile failures, and
also for "failure by deformation". In summary we
transcribe: a) in failure by deformation (which
would hardly apply to the majority of dams under
discussion) the average values stay constant ir-
respective of scale veriations; b) in brittle fail-
ure, average values decrease as dimensions increae;
c) in ductile failure, if there is 2 single sliding
surface, the average value for the prototype will
be slightly smaller than for the model: however,

if there are several shear sufaces, the average
strength for the prototype is higher (a hypothesis
that although admissible is generally excluded by

prudence).

In case of brittle failure a considerable number
of tests are needed to arrive at averages despite
the dispersions: averages are the only behavior
applicable, imposed by the “rigid block" hypothe-
sized, relative to the joint sufficiently weak to
be suspect. What is, indeed, the possibility of
obtaining and maintaining brittle failure, except
in a great nurber of relatively sound coniacts,
that is, under moderate contact stresses ?

Generally we thus conclude both for ceses b) and
c) that the zpplicable values should be "slightly
smaller” in the prototype. Hewever, uhen facing
cubmillimetric deformations, & bzee dimznsion of
Im vould already be sufficiently analozous (rele-
tively speaking) to those of prototypes, bases of
dams.
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In suo.sery, for 211 three guestions 1, 2, 3, 1 pro-
pose that:-

k) Regarding 2pplicability of some resistance of
the residual type, the starting appraisal must be
based on the microstructure, postulated geologic
history of deformations both old and relatively re-
cent. As frequently occurs in Brazil relatively
old millimetric deformations are encountered fully
healed by limonitic cementations: thus a microstruc-
tural geologic interpretation cannot preclude 2
concomitant interpretation of the stress-strain

curve.

B) My personal experiencte has not yet encountered
the case suggesting the need to abandon the "peak
resistances” of IN tests, in favour of ultimate or
residual types of resistances.

C)I would hardly question 2pplying the "averages” of
various tests for the strength equations. The
very tests generally tend to be run on samples
somewhat more suspect, since seldom or never does
one have the possibility of as many tests as would
represent the full histogram.

D) 1t would not seem valid to apply a tangible re-
duction because of model-prototype scales, for di-
rect shear on single weak planes.

E) It should be important to recheck the "nominal
stability”, with a reduced Factor of Safety (e.g.
20% or 30% lower) assuming eventual development of
displacements of Smm and 10mm. The special purpose
is to verify the increment of behavior 31/3AH after
the injtial stability has been computed as guaran-

teed.

The concepts on Factors of Safety and incremental
behavior checks are further discussed below.

5. UPLIFT PRESSURES. CRITERIA AND EFFECTIVE
AREAS

5.1 Concrete-rock Base

At present (since 1952 1) the concrete-rock base is
undisputably recognized as "impervious" (ratio of
permeabilities between about 10-10 cm/sec for con-
crete and about 10-%cm/sec for the top of jointed
rock), and therefore it cannot but receive the
uplift pressure on the total area, I = 1.00. It is
a direct consequence of pervious-impervious inter-
action. Therefore when one resorts to “"design cri-
teria" of earlier projects (e.g. Criteria of USBR,
TVA, U.S. Corps of Engineers etc..) one should ne-
cessarily adjust for the fact that some considered
hypothetical lower I values, as is expatiated in _
high level discussions through the period 1898-
-1940 (cf. Serafim, 1954). In considering other
planes of weakness, rock-rock, the situation is not

analogous (cf. item 5.2).

Uplift diagrams to be applied have been very much
discussed. It is a very significant problem of
structure-foundation interaction. 1In our gravity
dams it has been automatic to incorporate an up-
stream gallery, a line of groutholes upstream and
somp appropriate drainage downstream. In almost
all projects, irrespective of specific local geo-
logy there has been the row of subvertical drazina-
ge holes from the downstream face of the gallery,
and the same conventional diagram of two straidt
lines (Fig. 112) hae been used, 2ssociated to the
hypothetical vertical tension crack along the
gem's upstresm face (an absurd hypothesis except
in cases of special geology and dams of signifi-
cant height relative to the foundation rock qua-

lity). Although the top of rock is often nuch d2-
maged by blasting, the cleznup by high-pressure
air-jetting guarantees that the insitu initial ho-
rizontal stresses across vertical faces of rock
blocks are significantly compressive (or cemented):
thus the accepted generation of an increment of
tensile stress does not necessarily lead the joint
to @ cracked condition (lateral stress reduced to
2ero, over increasing depth).

The absurdity is that a profession that insists on
the fact that each case is different, to be examin-
ed on its distinct conditions, and wherein the use
of simplified routines can only be damaging profes-
sionally and commercially, one should have to de-
nounce how routinely a conventional uplift diagram
becomes a dogma, generally leading to systematical-
ly conservative uneconomic designs. And the curi-
ous fact is that by merely applying oneself to a
more detained analysis of the very references
claimed to support the would-be dogma, one finds
all of them agreeing in basic principles.

Phraseology is not homogeneous but consensus is:
a) in most of our jointed rocks, much more jointed
near surface, the use of a single-line (eventually
confined, locally, by lateral Tines) of grouting
upstream represents an exploratory treatment of
torrection, self-testing-and-confirmatory, to be
considered a starting step; its principal result
is to exclude wide-open cracks (conditions of
statistics of extremes, de Mello 1977), by fully
sealing them (as well shown by the two piezometers
in Ttaipu Dam, Fig. 1). It is sufficient to permit
applying to the treated rock band (of highly irre-
gular widths) the nominal flownets of head losses.
In the downstream foundation rock any wide-open
cracks are of no concern, but rather beneficial,as
natural drains.

b) the appropriate drainage (designed) downstream
represents the indispensable factor for guarantee
of stability; control of uplift cannot be by modest
reduction (to about one-tenth) of average permeabi-
Tlity of grout buffer, since the concrete-rock com-
parison is of about 10/; it must be by drainage
(points wherein hydraulic head is rgduced to zero
or, at most, to the velocity head v'/2g if outflow
is significant, reducible by complementary drain-
age and/or grouting. "

c) the grouted buffer zone (avoiding the misnomer
"curtains" that generated erroneous implicit con-
cepts) principally homogenizes permeability by ful-
1y clogging the wider open cracks in which grout
travels farther (tens of meters) and impermeabili-
zation is absolute. The exploratory grout holes
permit eliminating erratic conditions of geology,
to some extent uninvestigatable but accepted as
existing: design principles that one can only de-
sign for problems definable and quantifiable o-
blige us to exclude the erratically wide cracks.
It is the drainage (hbased on flownets) that guaran-
tees the design, but it is the (single-line)
grougning that establishes conditions of statistics
of averages validating Darcy-laplace flownets. The
very important design tool of grouting is a treat-
ment-foundation interaction problem.

In a separate paper 1 have discussed grouting cri-
teria routinely applied, and demonstrated that re-
guirements and acceptance criteria have been over-
ly stringent. The use of benefit/cost evaluations
reveals that after compietion of a good first line,
the incremental benefits vs. incrémental costs on
grouting treatments drop vertically.

Once it has been accepted that (after grouting)



the foundation seepzge conditjons are definable by
flownets, the question to be put is why not design
(caleculate) the uplift drainage features (down-
stream) for & given residual value of hydrodynamic
pressures, as 2 design feature meriting technical-
-econpmic optimization just as much 2s any other
project feature ? Wny find oneself bound to desion
PRESCRIPTIONS (belonging to the 1930's and, by the
way, questionably digested) in this one feature
that is the fundamental weapon, effective and
trustworthy, of design for stability-safety ?

Some major projects in which downstream heads were
almost as high as the upstream ones, situations not
covered by the Prescriptions, but which have become
frequent because hydro power optimization is pre-
sently recognized to occur not with maximized dif-
ferential head but when there is considerable down-
siream submergence, forced us to recensider the
entire question and to use galleries for grouting
and drainage both upstream and downstream. There-
upon it became quite clear that the "recommended
uplift diagrams" merely derived from the basic
principle that for any and every condition the need

is to draw an appropriate presumed flownet, and
gefinitety not the acoption or & conventional
uplift diagram.

Curiously one did nought but return to the essence
of recomendations of all, Casagrande, USBR, TVA,
Corps of Engineers, Serafim, etc.

The persistent barriers to such a crystalline de-
sign principle have been: 1) fear of setting aside
the dogmatized criteria, and especially that of so-
-called “inoperative drains”; 2) lack of confidence
in the practical design weapon represented by the
drains, although they can be easily complemented
as a function of the very observations of behavior;
3) alleged lack of confidence in the durability of
drains (TIME INTERACTION), and so also in the com
petence and sense of responsibility of operation
and maintenance technical staff (SHAMEFUL LACK OF
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INTERACTION BETWEEN COLLLAGUES WITHIN A PROFESSION),
4) doubtless also, 2 lack of intimacy of tome engi-
neering ceplogiste and structural engineers inter-
vening if*the gravity dam, with the simplicity of
drawing flownets.

Somz detailed examination of the few basic refer-
ences is offered for obviating unwarrantedly uneco-
nomic misunderstood design criteria.

5.1. Drainage taken to signify subvertical holes

Casagrande's Rankine Lecture 1961 is judged to have
exercised great influence. 1t seems, however, that
under a quirk of misinterpretation it may have
caused "appropriate drainage” to be taken to signi-
fy 2 row of subvertical (deep) holes, completely
setting aside subhorizontal drainage near the con-
crete-rock surface. Such a stereotype flagrantly
contradicts the concept of adjustment to greatly
varied geology, eloquently expressed in the shcema-
tic figures (Fig. 14).

A single phrase was found in which he foregoes men-
tioning the "line of drainage wells" whenever he
refers to drainage: {p.164) "because replacement
of deep penetrating wells b y a surface drain, and
assumption that the rock is of uniform permeability
are excessive deviations fromthhe usual conditions
-." one should not expect close agreement with
Brahtz's (1936) theoretical solutions. Incidental-
1y, one fully agrees with the statement, especially
considering that the only horizontal contact drain
vonsidered by Brahtz was parallel to the dam axis.

But in the field of gravity dams the use of hori-
zontal contact drains (ahlf-rounds) was mentioned
since decades before. In Wegmann, 1918, we find
reference to Vyrnwy Dam (41m) in Wales in which a
system of drains is constructed in the foundation
to relieve the base of the dam from the upward
pressure....a complete system of drains....lie
on the rock near such places where leakage is

c) REASONABLY EFFECTIVE GROUT
CUT-OFF PLUS DRAINAGE

-~

o ' e e o

1) INEFFECTIVE DRAINAGE
(HOLES NOT DEEP ENOUGH

FOR ROCK CONDITIONS )

h) GEOLOGIC CONDITIONS CAUSE
DANGERDUS PORE PRESSURES
IN HOCK
DANGEROUS FRESSURES
IN FERVIDUS STRATUM
]ﬂ ND UPLIFT

__ON_BASE
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OPEN JOINTS
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Fig. 14 Hypothetical examples



2ot to oceur....". Books by civil engineers whe
dig not clewm any specialization, gectechnical or
oiher, but were design and project engineers of big
hyeraulic projects, have repeatedly mentioned sur-
face drains set directly on the rock surface to
control uplift. It is significant that in the
lighter structures (spillway slabs, stilling
basins, etc.) where failure due to uplift has occur-
red more often than suspected, any lack of half-
-round drains (in design drawings or in construc-
tion) is promptly corrected as a serious mistake,
The ASCE Subcommittee on Uplift in Mansory Dams
(1952) starts by listing reasons why "many exist-
ing structures, designed without any allowance for
uplift - perhaps without any conception of it -
have been for many years and are still, function-
ing satisfactorily”, and the main one is the natu-
ral drainage by the jointed rock. The Subcommittee
enalysed 42 dams (8 USPR, 5 TVA, 20 US Corps of
Engineers) and mentions "In addition to the grout-
ed cutoff an additional provision in many American
dams is a system of drainage holes". Referring to
twedish and Scottish experience of “a wide but-
tress-type dam ...in this type drains can readily
be installed between the buttresses and a very com
plete drainage of the entire foundation can be se-
cured. The same result can be obtained by a sys-
tem of galleries transverse to the axis of solid
dams with drains drilled in the floor thereof. Sub-
surface conditions may make such drainage advisa-
ble™. Some references to the objections of Swedes
and Scots to the drains would lead to the presump-
tion that they might be due to the danger of seal-
ing of the drains by freezing.

One might conjecture why Casagrande on the basis

of the USBR and TVA references would have implicit-
1y excluded horizontal surface drains. Meanwhile
some dam engineers have been conditioned to obviat-
ing such horizontal drains under a reasoning that
the slurry infiltration from fresh concrete ren-
ders impervious an upper lining of cracked rock
(accepted as proven): thereupon the surface drains
would be wasted.

Well, one should remind oneself that the critical
plane is neither at the concrete-rock infinitesimal
discontinuity (cf. 3.1) nor necessarily some deci-
meters below, along a rock-rock weakness plane just
beyond such cementing improvement. The critical
plane depends on the composite effect of uplift
pressures, shear strengths, and presumed statics:
it is, as most cases are, @ multiple-interaction
problem. In analogy we cite the pile adhesion
problem, wherein extracted piles come out with

some adhering soil thickness determined by ap-
propriate minimization of the composite statics.

At any rate, 1 repeat that Design is Decision, and
Decision is conditioned by Desire. To guarantee
the desired control of uplift, the decision should
ve to eliminate the problem where it would occur
nost significantly. One must remember especially
the meticulous geologic mapping that is carried
ut @t the surface in preparation of concreting.
“or the flownet there is no difference in setting
the "impervious" boundary 0.5 or 2m lower than the
:oncrete-rock surface. The desire to drain the
rock below the slurry-infiltrated lining can be
:asily met by drilling lines of 3-4m percussion
wles under the half-round drains.

Incidentally, rost holes installed for uplift mea-
iurements were precisely such shallow percussion
wwies, and since/1f they were installed at points
if surface-evicencted suspicion, should be reflect-
ing tne pessimistic, conservative part of the
vistogran of uplift conditions prevailing under

the concrete.

In short, in "homogenecus” geologic conditions eve
rybody should favour subliorizontal surface drains
because of the comcrete-rock discontinuity of per-
meabilities. A designer does not agree with the
attitude of dispensing with something conceptually
important, merely under the negative premisse that
construction defects would impair the feature's
efficiency: the further design obligation would be
to exclude or attenuate the construction defect,

or to compensate for it.

Serafim, Casagrande, and all, emphasize the design
of foundation treatments by use of flownets. Fig.
14 (Casagrande 1961) should be obvious but is ever
needed for emphatic reminding that flownets are
conditioned dominantly by boundary conditions and
the geologic features contained within the flownet
boundaries, such conditions being specific to each
site. How could there be any logic, under such
irrefutable reasonings, to establishing and discuss-
ing “generalized" uplift diagrams except for
pre-feasibility estimates ? How shocking that a
"eriterion" claimed to be extreme,conservative, of
"drains inoperative” (cf. 5.1.4) be represented by
uplift linearly decreasing from heel to toe, when
such a geologic condition as that of Fig. l4g
would be extraordinarily worse ? Recognition of
this extreme case goes back to the 1830's since
Kiel and later Lieckfeldt (1898) warned of it (cf.
Serafim, 1954).

If we refer to the Malpasset dam failure and one of
the explanations of it, we should emphasize that in
some rocks the sutructure-foundation interaction
can somewhat "seal" the downstream zone due to in-
creased compressions. For such cases the upstream
subvertical drainage holes would be a good first
line of drainage, and the complement could be
sought through deepening the percussion holes un-
der the half-round subhorizontal drains.

5.1.2 Hypothesis of a vertical crack at the dam
heel.

A simplifying hypothesis (for the mathematical ana-
lysis of relief wells, Muskat 1937) of a vertical

face down through the rock subject to full upstream
head was stated by Casagrande 1961 to be reasonable

+and has in many parts been taken 2t a dogmatic cri-

terion.

Casagrande merely intended to limit the scope of
his analyses, intending to compare "grout curtains"
(vertical) vs. vertical drainage holes. One must
evaluate such a hypothesis case by case, and proba-
bly exclude it in most cases. It’is often mention-
ed that the rock surface would find itself fully
cracked, therefore unable to resist tensile stress-
es. However, such surfaces are thoroughly clean-
ed by high pressure (water and) air jets: in
general ([despite considerable variation from job
to job) & rock that resists displacement by such
8ir jetting has a high enough herizontal stress
across the subhorizontal joint right from the top.
We have been misled to reason as in soil mechanics
2s if horizontal stresses across the subvertical
joint are zero close to the surface. Ffor 2 crude
estimate of the horizontal compressive stress |
submit my visual observation that such air jets
have been found capable of rapidly disintegrating

2 mzssive hard clay or argillite (with no joints)
of unconfined compression strengths of the order

of 10-20 kg/cmé. The dam's loading produces 2
tensile increment, but the final stress might of-
ten yet remain compressive. Once 2cain, it is

an important structure-foundation interaction



which under insufficient information hat been as-
suned over-conservatively.

£.1.3 Uplift diagrams suggested by USBR, TVA, etc.

Such diagrams could only refer to the interface,
the boundary condition for the flownet: therefore,
in concept they could never presume to impose 2
standardization, since it is the prerogative of the
Engineer, design and construction, to impose the
boundary conditions desired for his specific case.
Moreover, in some of the uplift diagrams suggested
although there was full upstream head accepted at
the heel, this was associated with 1<1.00(2/3 or
1/2 for instance): therefore upon correcting to
1=1.00 (as one must) one must recognize that the
equivalent head would have been lower.

The observations at the time were not many, and ap-
pear to have been often chosen to be on the conser-
vative side. The USBR Tech. Mem 636, 1948, refers
to the practice then current "Prior to construction
of a dam, the uplift pipe system is laid out .....
2t locations where high pressures might be expect-
ed.... by a study of the geological characteristics®
keener, 1951, emphasizes “For instance, hole H, Fig.
2 was located within 2 large fault area" (Hungry
Horse Dam, USBR) explaining “Naturally, the gener-
2] purpose in locating uplift pressure holes is to
cover ...the areas...of possible geologic weakness
where the uplift pressures would be expected to be
greatest”. A total number of 360 holes (up to
1950) in 15 dams, deterministically located (good
prudence) in critical points: under what logic
could one extract “average conclusions"” (or confi-
dence bands thereof) for design prescriptions ?

For drawing flownets the difficulty has been re-
cognized of establishing boundary conditions (e.g.
indications of "creep ratio” of Lane etc.. for con-
crete or masonry dams supported on soils): there-
fore the recourse to indications from monitored ob-
servations. It is indispensable, however, to delve
into the analysis and recognition of what was real-
1y being observed.

The principal criteria used in most areas of the
developing world (South America included) derived
from the cited USBR and TVA writings in spite of
the moderate confusion of concepts that still pre-
vailed into the 1950-54 period. The USBR (1951)
Design Criteriz suggest two methods, presumably for
preliminary design and final design. For the first
the simplest triangular uplift diagram is given but
"A further asumption is made that these pressures
are applied over & fraction of the area ...Design
values of 1/2 or 2/3 are generally considered as
satisfactory fractions of horizontal area subject-
ed to uplift pressures, depending on the type and
structure of the foundation material®. For the
final design, "By the second method, it is assumed
...the dams as impervious and ...steady state of
flow exists. Due account is taken of grout cur-
tains, or other cutoff walls, and any drains that
may exist": thus one concludes that 1=1.00 and seep-
2ge flownet uplifts are duly analysed. Mecanwhile
in the Engineering Monograph n@ 18, Kirn 1953, for
preliminary design the diagram is already given
crediting the line of drains with reducing 2/3 the
upstream-to-dopwnstream head differential, and 1=1.00
is recognized. IMeanwhile for final design “the
pressure intensity 2t the line of drains should be
neeed on electrical anzlogy or other comparable
~ethod of 2ralysis, 2stuming that the drains are
vperative, that the grout curtain does not affect..
...significantly, and that the pressures act over
100° of the area".

In anelysing the TVA, 1952, prescriptions we snould
recall the often very difficull geologic cunditions,
including karsts etc. - "For the low heads... The
uplift...will vary from that of headwater .al the
upstream face...to that of tailwater at the drain-
age gallery or line of drains. From this point
downstream, yplifts will have the {ntensity of
tailwater pressure. All pressures....effective on

...two-thirds of the arez of the bdse..." Un the
higher dams ...2 somewhat more conservative as-
sumption...The...uplift.. .assumed to vary from
headwater pressure at the face of the dam to one-
-half of the difference between tailwater and head-
water at the line of drainage, and then to vary to
tailwater pressure at the downstream face ...The
same effective area of two-thirds of the gross area
was retained. The validity of this assumption as
to intensity has been demonstrated by observation
at four of the dams in question, MHiwassee,
Cherokee, Douglas and Fontana™.

The erratic and inconsistent points of the above
basic references, blindly followed without due
cross-examination, are merely cited with the hope
that discussion be enlightening and constructive.
How many of the dams built in the U.5.A. in the
1926-52 period above mentioned would have been re-
calculated under the varying criteria as the sub-
ject, of extreme importance, advanced in concerned

_ ~comprehension ?

Under the assumption of simple ceologic conditions
1 have rapidly sketched the flownets of Figs. 15,
16 exemplifying that there is no mystique to justi-
fy foregoing the right and obligation to use
flownets at the final design stage. Uplift diagram
can be preliminary suggestions for the phase of
feasibility studies.

5.1.4 Drains fully inoperative.

Such a hypothesis has been very frequently imposed,
causing considerable worry and increased costs.
Many a publication of observed uplift diagrams
shows how strikingly far the reality falls below
such an absurd prescription.

The first objection should be on principle. The
civil engineer uses a specific and purposeful ba-
sic weapon for a given design: how then to impose
on him the obligation to recalculate under the hy-
pothesis that the weapon used did not exist at

all ? Analogous counterparts would be: 1 design

a steel structure, subsequently should I recalcu-

wlAr PLANL
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Fig. 15 Skelched flounet and deduced wplifts
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Fig. 16 Sketched flownets and comparative uplifts

late the structure as if the steel did not behave
as such ? A reinforced concrete beam depends on
the steel to resist tension; do I recalculate the
beam design under the hypothesis that the steel
reinforcing does not exist at all ? Everybody
emphasizes flownets as the true basis, and these
are dominantly influenced by drainage features; how
then to reconsider, assuming drainage inoperative ?

The spurious hypothesis appears only in the USBR
1953 publication. The ASCE Subcommittee, 1952,
declares “"Those who would install drains but take
no credit for their presence can still logically
assume an intensity factor materially less than
1.0 if they use the grouted cutoff". The TVA does
not even consider it: "Having provided the draina-
ge system, it appeared logical to make allowance
for uplift pressure accordingly in the assumptions
for design of structures”.

The absurdity becomes more striking when one re-
ccgnizes that the extremely unfavourable hypothesis
of drains inoperative is much worse (cf. Fig. 14g)
than upon assuming the linear head loss from up-

" stream to downstream face.

To set aside the absurd "drains inoperative" hy-
pothesis one resorts to another argument, practi-
cal byt pregnant with concept. One can never admit
that an entire line of drains (e.g. every 3m, i.e.
several per gravity block) could clog suddently and
simultaneously. A gradual loss of efficiency of
drains should be prudently assumed, possibly
through an x% increase in the optimized design
uplift diagram. A procedure of calculating the in-
cremental unstabilizing action as a function of
decreasing drainage efficiency has considerable
relevance, to orient the responsible dam monitoring
with regard to the need for additional drains and/
or cleanout of partially clogged ones. It is im-
portant to respect the routine checking of the ef-
ficiency of each drain within the group, by alter-
nate closing and opening of each drain to check the
influence on pressures and flows of contiguous ones
One cannot opveremphasize the importance of check-

ing the gravity dam stability undar eatrenms hypothe-

ses, because of ine reservoir soft load and the
eventugl brittle failure, and especially because of
the incalculably catastrophic consequences of any

i i
failure. But one does * ne anal Ly at-
templing atsurd come atic £ U3BR 1953 paper]
attenuztes the inoperative- prescription by
proposing tnat whereas for o.erétive conditions the|
sliding FS > 4.0.be requirec, for the "extreme”
postulation it would be sufficient to guarantee an
FS "sufficient to insure stability". Would that be
FS > 1.3 7 Who knows and how ? It should greatly
depend on the stress-strain behavior and their in-
fluence on rate of change of FS conditions.

1 strongly suggest a priori rejection of the crite-
rion of “drains" fully inoperative" substituting it
by judicious proportions of inefficiency, and
analyses of rate of change of effects with rate of
change of cause.

5.2 Weak Shear Plane Rock-Rock, at Depth.

There cannot be any doubt as to the application,
direct and judicious, of the pore pressures derived
from flownets when one deals with a2 weak plane,
rock-rock interface, within the rock foundation
mass. Curiously we find that in professional prac-
tice the same uplift diagrams above mentioned,
eventually suggested for the special boundary con-
dition (of marked kconc<<krock, and 1 = 1.00} have
been literally transplanted to the rock-rock weak-
ness planes along which no such interface conditi-
tions would apply.

Fig. 15 exemplifies for a hypothetical boundary
condition how we would readily derive the "uplifts"
along the assumed plane AA'. The shear strength
discontinuity is taken as not accompanied by a
significant difference of permeabilities as compar-
ed with the rocks sandwiching it. If a permeabili-
ty differentiation needs to be incorporated, it
would alter the flownet correspondingly.

The open question concerns the probable reality of
I < 1.0 for the effective uplift area in rock-rock
contact planes. In granites, basalts, and like
rocks of extremely low porosity there are (as per
my visual observations) crossectional areas that
can be considered effectively impervious. One re-
calls the highly variable and erratic piezometric
heads in rock masses at short distances between
points of observation. The extensive bibliography
on the classic research on the question (cf.
Serafim, 1954) indicates the need for further eluck
dation, most experimental results having determined
1 values at near-failure or tensile failure con-
ditions. It 1is suggested as plausible that values
of 1 = 0.8 may be frequent.

Once again, there is an interaction problem, of
" test conditions and conclusions, vs. prototype con-

ditions.

6. INSTRUMENTATION AND MONITORING

As 1 have often observed, the types of instrumenta-
tion developed and also the planning used for their
installation-observation-monitoring, obviously pre-
suppose some theorization, i.e. certain "laws of
hehavior", which, in order to become "laws", re-
present averages of repetitive behaviers. Terzeghi
is widely credited with spreading, through geo-
technique, into civil engineering, the concept and
practice of instrunenting and ronitoring. Setting
aside the instrumentzation on the technology of mass-
-concrete, what is it that we have monitored, why,
what for, and with «hat success 7

Firstly there is the freguent cbservalion of defor-
mations (settlesents and tilting) 2s has 2lready
teen explaincd and discussed in 1iem 2. Trese have



teen the dominant structure-foundation interaction
probleme considered. Most of the instrumenting
may hint at expenditures of essentially no return
for professional practice, and even of limited aca-
demic interest because of timidity at reevaluating
basic hypotheses. In the references to hundreds of
important dams, among the thousands built in the
last 80-100 years, one gains the impression that
such movements rarely merited interest, partly be-
cause of no real need. Froblems would develop with
movements of some centineters, such 2s would tear
waterstops and cause big leakages; and even then,
what of a big lezkage ?

The instrumenting and monitoring for shear dis-
placements merits special mention. It now seems
that the effort may have laboured under a concep-
tual error, which besides being innocuous, could
eventually reach the point of being dangerous. One
should never rely on observations of types in
which the differentiation between a satisfactory
vs. eventually catastrophic condition would be very
small, and, a fortiori, when one does not possess
any indication of what magnitudes would serve as
the "green, yellow and red" (traffic) signals re-
garding the problem faced. Brittle failure under
2 totally soft loading is a dangerous condition:
there may be 211 the difference in the world in
shifting from Zmm to 3mm; and how do we know, how

will we know ?

For analogous situations in rock (much less dan-
gerous because the loading would be "hard", though
the failure brittle) the sounding of alarms on un-
derground excavations (since c. 1950) has been bas-
ed on development of techniques of registering mi-
croacoustic emissions; this index discriminates
very much better between the safe elastic deforms-
tions and those of incipient plastification. The
techniques have been succesfully extended into
other areas, such as landslides etc. In Fig. 17 1
merely submit as & reminder some typical data of
the great increase of frequency of microacoustic
emissions as failure is approached. Such monitor-
ing might well furnish more objective data connect-
ed with shearing and proximity to decreased Factors
of Safety. The very widely used observations on
pore pressures and uplifts have been discussed
above leding to the proposal of much less exagge
gerated design hypotheses. The subject is at a
standstill because of insufficient interaction
between geology-geomechanics-structures, and a
possible sterilizing interaction between authori-
ty/fear and the routines of practice.

Regarding pore pressure observations in rocks there
has been a lack of an aim somewhat more stimulat-
ing than merely proving the prevalence of some
flownet condition. 1 have long since insisted that
piezometer installations should be carefully plan-
ned and executed, with the help of water loss
tests in boreholes which would have detected and
investigated specific important cracks. Thereby
tne should advance knowledge on 2) indices 1 < 1.0,
Ly using betteries of piezometers closely spaced,
tr the seme plane; b) the efficiency achieved by
z*.uling and/or drainage, traditionally applied,
--un restricled to specific cracks. Fig. 1 shows
“ret 2t ltaipu a significant crack specifically

“tiired proved the grouting to have rendered it

‘wetially impervious.

r=iag the monitoring for the safety of the

“ie7ly €2m the zbove discussions have shown that
“i-t 1Toriant ¢eta pertain to the drains, and
- feztlien of the drains belonging to & group,to
:"=7o2d provocetions. 1f the closing of one
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Fig. 17 Acoustic emissions resulting from
shear displacement

(or more) hole(s) reflects perceptibly in the ob-
servations of the adjacent ones, it indicates that
the group of drains do not have sufficient margin
of safety. Project specifications require such
check testing, and its results, statistically e-
valuated would furnish quantifiable criteria for
designs of drainage. Curiously onedoes not recall
having read papers furnishing the data of such
routine check investigations, of utmost importance
for recycling*experience.

The great importance of laboratory research in
civil engineering is that it furnishes directly
the partial differentials of cause-effect for each
variable, while "all" other variables are mzintain-
ed constant: X = f(a,b,c,d..... a) and we obtain
separately 3aX/sa, then 3X/8b, and so forth. In
seeking purposeful monitoring of prototypes we
should bear in mind the similar desire, of partial
differentials of cause-effect behaviors of signifi-
cance, which is the big challenge because of the
complex interactive conditions that obtain in any
Jjob.

The second need is to obtain indications of thresh-
olds of acceptence-tolerance-unacceptability on
the critical parametric variations.

7. FACTORS OF SAFETY WITH RESPECT 10 SLIDING

The matter does not seem to have been specifically
debated. Presumably the auvtomatic tendency was to
adopt the average Mohr-Coulomd equation (statisti-
cal sverage if at 21] possible) taken directly
from shear test results 2s obtezined. Previous
criteria epplied FS = & (USER) on the sum total of
resisting forces. FRochz 1978 (emong others) pro-
posed the reduction of strength parz==ters ¢ and
tan ¢ by differentizted factors of safety:

FS¢ = 3 to § on "cohesion" beceuse of greater dis-



and FSpap: = 1.5 because of much more
;ari1ability in friction values. This re-
as stign 1S in wide use since it represents a
e-finite advance, under the strictly nominal work-
in3 hypotneses prevalent.

Tre entire subject still seems to be wnder very
precarious formulations. This may be one reason
for the implicit fears dominating present design
hypotheses. It would be desirable to approach the
topic through statistical confidence bands on para-
meters: for instance, for the shear strength the
dispersions siould recognize the separate contribu-
tions from 2o and from &2H (Fig. 7). In the face
of the absolutely inadmissible catastrophich con-
sequences of failure, we must guarantee working
with a2 statistical universe that should physically
preclude the hypothesis of shear failure. The
analyses of nominal FS numbers lose any meaning.

Greatest interest lies in parametric analyses of
the dispersions of intervening parameters as af-
fecting results. There is essentially no disper-
sion on leading (weight and hydrostatic): therefore
attention concentrates on uplifts and resistances.
For each of these parameters the decision must
depend on would-be predictable consequences if un-
favourable changes of 10%, 20%, 30% etc. are
sostulated to occur. Such curves of variation must
jetermine the FS to employ, to obviate, at the very
“pot, the start of any tendency to progressive
Mastification. With some effort on judicous re-
iearch and observation, we should not be long in
‘eaching the necessary information. We recall the
‘epeatedly proven fact that for several tests un-
ler different o, the developments of Ceff and
eff components at a given compatible deformation
‘ollow trends quite separate from the C', ¢' re-
ationships at the failure (peak) condition.

i SATISFACTION INDICES ON VARIOUS INTERACTION
PROBLEMS OF SIGNIFICANCE

ig civil engineering projects of responsibility
nvolve multiple aspects of interactions because of
he all-embracing nature of civil engineering. Fur-
her, within our closer interests with problems of
nteractions with geologic-geomechanical behaviors,
here is still a very broad spectrum of interaction

roblems.

first-stage solution tends to illude, by setting
side most or many such problems, and yet apparent-
y meeting with success. In concept, however,
ienever we disregard a parameter of interaction,
: really set it in a grossly exzggerated condi-
ion: mathematically either as zerp or as infinite;
‘atistically as beyond the histogram of even re-
ite probabilities of interfering. The inexorable
mclusion is that we cannot be optimizing, in
:chnical aptitude simultaneous with economy.
igineering without heed to economy is a poisonous
‘ed that spreads imperceptibly: engineering with
sufficient safety makes itself all too evident

headlines,

us, even after we have managed to bring into our
stograms of observable (quantifiable) experienes
e parameters of interaction hitherto consciously
unconsciously unnoticed the histogram will be
evitably assymetric, because our Bayesian
quisition of knowledge and culture (cultivation
ereof) is much nore affected by fears than by
sires {feer of failure vs. desire of economy).

2 Intent and hope of this Setsace was bul minute.
w11l nave been amply rewarded if, in the clas-

sic and cenventional problems and solutions, some
enthusiasms may have been generaled lowerds intro-
ducing many routinely accepled practices into the
realm of establishing purposeful data: such data
to be treated as hlstograms of quantified design
decisions as causes, vs. quantifiable behavior
indices (“SATISFACTION INDICES") as effects.
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