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veira (2), Eng. Araken Silveirw. (3).

Summary:This article is the third of a series intended to

sunmacize our present experience in earth dam desigm and
construction, ; : '
Pearing in mind the natural heterogeneity of borrow

materials, even when accepted as sufficiently homogeneous

to frustrate attempts at zoning within the compacied earth
~ section, and further recognising tha inevitable heterogenei

ty of the compacted product, it ias emphasized that the smeleg

tion of the sirength equation for use in stebility analymes |

must be based on statistical reasoning.

A method is proposed for the definition of the
strength equation and for aubsequent rational presentation
of the results of the slope stability so as to permit the
conscicus seclaction of 2 design decision. The procedure,
with its implications and consequsnces, is discusssed wiih
references to real examples, including a separation of the
design phase and the check testing during construction, and
o discussion of the specimen size in comparison with the pre

totype failure surface.

Sumaric:Este articulo es el tercero de uma série destinada
& resumir nuestra sexperidncia en el proyecto y en la cons—,
truccidon de presas de tilerra.

' Teniendo en cuenta la heterogeniedad natural de los
materiales de préstamo, atn cuando son aceptados como sufi-
cientemente homogenecs para frustar tentativas de zoneami-
ento entre los secciones de tierra sompactads. y ademis reco
neciendo la heterogeniedad inevitéble ~del produto compac-
tado, es @acentuado gque la seleccién de a ecuacidn
de resistencia para uso .en analisis de estabilidad
dako 80T basada en razonamientos estadisti-
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cos, Fué presentado an metodo para la
definicidtn de la ecumacidén de resistencia y para la subsecuer
te presentscifn racional de los resultadous de la estabili-
dad del talud a fin de permitir la ssleccion conclienclosa de
una decision de proyeecto. El processo con sus complicacio-
nes y consecuencias, es discutide refiriendose a ejemplos
verdadores. incluyendo una separacion de la fase del proyecto
y los ensayos de comprovacion durante la construccidn y una
analisis de las dimensiones del cuerpo de prueba en compara-
cion con la superficie de ruptura del prototipo.

;nixggggije?:— For those of us who still compute factors of
salaty of slopes of dams, and still hope that if present
bases and methods of computations are absolutely wrong, it
might in the long run be more fruitful to search fox a
betterment of the situation than discard such attempts by
reliance on experience and judgment, it cannot escape motice
that practically no analyeis conducted nowadays seeks to be
realistic,

We shall herein attempt to establish the bases for
a more rational approach for the simplest of cases, that of
the conastruction period stability of the slope of a con-
pected earth dam. It will be assumed that this stability
analysis may rightly be based on the shear strength equation
furnighod by Q tests and on the simple statics of the
Swedish-girele,

it shouid be pointed out that in our expsricnce

the construction period stability seldem proves to be the
determining condition for the design of the slopes of dams,
and, therefore, we are not presuming to solve any crucial
problem as regards earth dams. Our intent is to propose an
approack, which can already be applied to this simple case
ias is deecribed hersin) and that may douMless bo extended
and adapted, gradually and conscientionsly, to apply to the
more complex ecases that are really the determining ones,

The only reason why this discussion eppliss prinei
pally to dama ias because their construction is well con~-
trolled and therefore the quality imparted to the compacted
produet is well known. The reason why it is simple to apply
the proposed approach to the construction period stability
is because the behaviour of the fill in this case may be
considered directly dependent upon the characteristics built
into the fill, and free of indirect influences such as satu-—
ration and long-duration effects, ete., on which little ias
known and no control can be exercised,

The main points te be considered are (1) how best
to determine by tests, and subsequently compute, repreasenta-
tive shear strength egquations for use in the stability com-
sutations, and (2) how to present the results of the
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stability esnalyses ine realistic manner.

Heterogeneity of type of soil employed and of compacted pro
duct.

It must be conceded that there always is considerable
heterogeneity of materials even in = borrow area normally
- described as uniform. Whether one considers the Atterberg
limites of the clayey =o0il as indicative of its type or whethe
one uses compaction parameters {Proctor or Harvard Miniature)
to distinguish between materials that are not absolutely a-
like, every borrow area involves a very wice scatter of va-
lues indicating changes of material in all directions. Draw
ing 1 which represents a smell parcel of a remarkably uniform
_borrow area of the Tr8s Marias Dam (1)+= may be taken as an
instance. : J

Furthermore, it is recognized that depending on con -
struction specifications imposed, there will be considerable
aeterogeneity of the compacted product (2), as is well re -
flected in the field compaction curves (and corresponding
frequency curve of £ill water content) shown in Drawing 7.

One must conclude therefore that the selection of a
shsar-strengih equation for use in stabllity computations
must be attempted by statistical reasoning based on the
chances of occurrence of the various typeas of material and
of the various qualities of the compacted product of each
material,

Dapending on the personality of the designer and his
feeling of the responsibilities and risks involved, the
strength equation has frequently been selected elither as the
minimum compatible with the strength tests (e.g. tangent to
the minimum Meohr circles of fallure stresses of the several
triaxiel compressions run), or as the "sverage" straight lie
that by visual inspection seems best to fit ail the Mohr
circlas.

: As regsrds the minimum tangent equation it may be point
ed out that since the number of tests is always finite Fand'
frequently not at all large), statistically the minimum and
ximm situations are ever yet to occur, if only the mmber
o% tests continue to be steadily increased. It is thus seen
that there is abeclutely no rational basis at all to such
a procedure, (unless, again, the minime be analysed ongrounds
.of probabilities), no matter how well it be presented as re
pressenting a worthwhile conservative attitude.

* These@ numbers correspond to the references listed at the
end of the text,
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As 'regards the "average™ stralght line equation, it
would seem fit to establish it by some quantitative proce-
dure, and to establish with reférence to the quota of tasts
avallable, what degree of assurance is attached tc the o=~

quation as defined,

Thus, fundamentelly both ths average and the minimum
eguations should be estiablished gquantitatively on the basis

of statistical reasoning. And the principle involved in the

choice between average and minimua equations depends basical
ly on the etudy or evaluation of ths relations betwesn the
average and minimum strenths of soil slements of the siza of
the tested spsocimens, snd ths correspond average and mini
mum cumulative strengihs that should prevail along failure
surfaces thoueands of times bigger in the prototype.

Statistical analysis of triaxial tests on undisturbed speel

nens from the f£i11.

The best avallablo method of determining the shear
strength of a compactod £ill is based on the triaxial testirg
of specimens carefully cut frox undisturbed block samples
extracted from the fill at various points. Drawing 2 sum -
marizes the data collected in this manner from 1317 triaxial
tests on 15 block samples that reprssent a part of the com~
pacted Till of ths Santa Branca dam (1), I$ is evident tlat
any attempt to establish an average eguation visually would
ba greatly hampersd by the considerable scatter, mwad ithat
the mlonlmuz tangeni line lies far too low %o repcesont tha
strength of th8 fil1l.

In order to establish statistioally the averags
atraight line equation best fitted to represent the shaar
strength of thio compacted fill 1t is batter not to comsider
tangencien to Kohr circles but to substituts sach circle by
tho pair of (¢, 7 ) values that should ropresent ihe ptres—
9a8 on the failure plene, ahd than to sesk the lina of bsat
it passing in between such pointa.

It seems woll agreed (3,4,5,6) that the failure plans
in Q teats makes 2n sngle of 456 + 0,59 with the plane of
the major principal strese, whers ¢ is rather nearly the
"angle of intermnl frictica®. W%e tharefore begin by e

ing the most appropriate value for ¢ by sucosssive regros—
sion enazlysfe using all the aveilsbls 8 tests (on tha respas
tive compacted £ill) run with confining pressures at leass
15-20% higher than ihs ®preconsclidation premsure®. For tha
first regression analysis we assume a reasohabls valus
based on tha plotiad Mohr ecireclss of these high pressure 8§
testa, obtain the (0, T ) wvalues for the fallure plane for
each tost, and, assuning that these values muat fit into en
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equation of the type T = @tan ¢ , compute the most probe-
ble ¢ value, If this value is not sufficiently close to
that assumed, & more appropriate assumption is made for the
Becond cycle regression analysis. This procedure may be
repeated until the asasumed and computed values almost coin -
cide: 1t may emaily be seen, however, that usually the desi~
red check should be obtained alrevady on the first, or at most
on the second cycle.

fhaig pairs of values (0, T ) representing each Mohr
circle of failure stressss in Q tests may thus be fitted to
an equation of the form T =Q + rtana applying the
procesas of the least squares to a linear regression y =a+hx,
In drawing 2 the average equation so derived is shown togrther
with tabulated data on various coufidence limits of the ave-
rage computed by use of the standard deviation, the number
of teats, and the individual (0,7T) values,

Influence of number of tests and detection of samples not be

longing to the same universe.:

Drawings 3 snd 4 furnish similar data on undisturbsd
block samples from zone 1 and 2 of another dam under con -

" struction. The zone 1 equations were based on 45 test specd
mens cut from 13 block samples and those for zone 2 on 22
specimens cut from 9 block semples. These data lead %o some
conclucions on the detection of construction conditions re-
presenting a different statistical universe, &nd also on the
interest of increasing the number of teats.

The zone 1 material indicated considerable scatter so
that after performing the initial 12 tests, the program was
fwice extended, by 8 and 7 additional tests respectively
(drw. 4). The first 20 of these tests were run under varioe
chumhgr pressures, but the final 7 were all run under ;=5

cm<., These data were computed at each step for the pur—
pose of furnishing the average equation as well as the lower
90# confidence limit for this whole equation, without con -
sidering separate siretches along the variation of (" . These
results are presented in graph A (drw. 4): the 90% confi -
dence limits appear as a succession of straight lines, as ir
indicated in tha graph's key, becmsuss the computation was
carried separately for each of the parameters, @ and P, It
may be noted that the final confidence is naturally greater
than 90%: 1if the ¢ and ¢ paremeters be considered absolute—
ly indepandent, a point on the intersection of the two 903
confidence linee would represent a 99% confidence level.

Graph B (drw. 4) clearly shows how the confidence lsvel
rises as the mumber of tests is iacreased. One further ob~
serves the influence of a concentration of tests with the
Bame chamber pressure. If a otraight line equasvioen is sougdn
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for direct use in stabilityeaalysis, 1t appears more useful
to concentrate the tests at the upper and lower limits of
lateral pressures involved in the specifiec case. This is
always con.ervative since no strength envelope is known to
be concave upward,

Upon attempting to raise even further the confidence
limits by performing 18 additional tests for zome 1 and 10
additional tests for zone 2 1t was discovered that the new
block samples and triaxial tests furnished undisputably dif-
ferent re.ults (graphs C and D of drawing 4). As a matter
of fact these new samples belonged to sectiomsof fill contal
ing somewhat higher average water contents, belonging to
truly different statistical universes., The table of Drw, 4
furnishss the results of such a computation demonstrating
for zong 1 that the first 27 and last 18 teets furnish e -
quations that are esseniially parsllel but very significant-
ly different in c~intercept.

Daspite the inferest in the distinotion between the
two universes, it 1ls clear that all the tests should be group
2d into a sirsle overall universe rspresenting the fill, An
attempt was made to compute the standerd deviations of unit
weights and water contents determined on the several speci
mens within the various blosk samples. The average stendard
deviation of the water content wae 1,24%, of the samc order
of magnitude as within each lot of the fill: that of the umit
weight was approximately 1.3 in percen conpaction estimated
by assuming a unit weight of 1.97 g/cn’ at 100% compaction.
Since thess deviations are much lower than obtain in the fill,
i% 15 clear that several block samples belonging to somewha$
differsent lots will have %o be used in order to represent
the fill adequately. In viaw of the importmnce that we feel
should be attached to a true coverage of the range of con —
ditions that obtain in the fill, we are presently using an
adapted Hilf-Harverd Miniature test to check the percent con
paction and water content dsviation from optimum for each
triaxial specimsn,

Dafore congluding this subject 1% is worthwhile tp
commen? onm the value of special test £ills. If the construc
tion equipment is not available s=o as to reproduce placement
and ecompsction operations under truly rapresentative con =
ditions, not only are such test fills extremely expensiwve but
also the strength results deduced from them may be misleading
Drawing 3 summarizes the test data from %wo such test fills,
snd the table in drawing 4 summerizes the statistical tests
by which it is proved that only the zope 1 test £ill belengs
to the seme universe ma later established in the zons 1 come
pacted secticn (pomsibly because of the wide acatter pre -
velent), while the zone 2 test fill may not be considered re
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presentativs,
Influence of specimen size

An importaent problem that arises when applying pro-
babilistic reasoning in the search for more realistic expres
gion of the strength of an earth mass, is the problem of ex
trapolation from small eize specimens to large prototypes.
It iz well known that whatever the type of failure consider
ed, sn increase in specimen size results in a decrease of
the soatter. Furthermore, it ie reasoned that in the theory
of brittle failure average valuses decrease with an increase
in sizss in the theory of ductile failure, and increase in
specimen size may result in slightly smaller, or, in cases,
slightly larger, strengths: in the theory of deformation
fajilure, the average strength is not affected by size of
spscimen. (7)

Drawing 6 furnishes the results of an investigation
of the influence of specimen sizs, under typical conditions
of field compaction. Twenty block samples were taken from
the Santa Branca compacted £ill, for the purpese of cutting
from esch block one specimen of each of the diemeters, 1.57%
2%, 3" and 4", normelly used ih our laborstories. The ma-
terirl has no grains bigger than lmm, with eighty percent of
the perticlas in the silt and ¢lay sizes. Unfortunately the
desired program of tests of each usize weg not fulfilled be-
cause of sovme breakdown during trimming.

The results appear to be of considerabdble interest gince
4t was determined statistically that the difference between
the equations on 1.5, 2, and 3" specimens is significant}
the equation on 4" specimems proved unsatisfactory because
of insufficient tests. The decresse of the average strength
equation with increase in specimen size requires further
study, despite its small proportions. It was observed that
to come extent thia decrease is due to the fact that in
{rimming the smaller specimens there is a considerably
greatsr proportion of breskage, so that the tests on the
smaller specimens exclude the wesker materisl since only the
stronger nuclei survive such operations. It is believedtha
4f this fector is compensated for, the average strength will
be found independent of siss: the bigger specimens will reisg
the lower confident limit much in the same way as a greater
nomber of teste.

Stabllity analyses and safety factors

Although ths lower percent confidence lines of shear
strength as a function of normal stress are curved; it is
an easy matter to transform into an egquivalent straight line
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aquaticn that part of the curve that should be applicable to
the stadbility onalysis of a given slope. The equivalent
area method 18 suggested for this tranaformation (Drw, 3).

Such straight 1line equations may be used directly
in stenderd pressnt-day procsdures for computing slope stabd
1ity. Drawing 5 presents an exsmple of such an analysis
the results thereof, It is interesiing to observe that the
results will naturally be presented in the form of percent
probabllities of the computed factor of safety dropping to
a given value (and the most reazonable valua to adopt would
be unity), The stability analysis presented do#s not yet
embody fully the concept of probabilities since only the em
fidence limita on the stremgth squation were included and
none of the other factors of waristion or arror, oither in
assumptions or in procedures, were considsred, The resulg
is esubmitted mersely in support of the proposal of a methed
of reasoning that 1s belisved to embody ths principal hopa
of developaent of our profession. We are apologists of the
fact that no matter how one look at the enginesring profes-
sion, every decision to build something requires on the part
of the ovners a choice that smounts intrinsically to a :
gamble ~ at present a highly disguised gamble with vary
small odds of failure usually accepted, but nevertheless, an
inevitable gemble., It is therefore believed proper and
neocessary to present ithe rssults in such a manasr that one
may consclouely melecy one‘s oddaz - 1in contradiction %o
present procedure whsrein one has no way of discovering what
they arp,

A further imterest in such en approach derives from
the fact that i1t is thua possible to estimate the valus of
additional and more repressntative teeting., If the confi-
dence limits riss and thereby a stespening of slopes is age
cepted it is pomsible to evaluate how far the reduction in
volume 2conomically justifies additicnal investigationa.

Freliminary investigations in desien ntese

Present~day laboratory test rrograma for design are
usually based on the selectlon of one or twe “representativi
borrow meterials; on each a set of Q tesis is run on spaci-
mens compacted to aome selected average condition; such as
"98% compaction” and "optimm minus 1%* water content.

Our present procadure invelves the following steps,
The materials occurring in a borrow area are first gub .
divided into groups (e.g. the shaded area of drw, 1)t within
each group 1t is assumed that sl1 meteriala, each molded +to
the sane percent compaction and water contant. devation from
optlmum, would yisld approximately the sane strength para -
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meters. A rationalization oi such & selection by groups is
being attempted by further study of the influence of the
type of soil on itB properties as compacted, at similer comg
paction parameters. (8),

Thereupon the molding characteristics of the speci-
mens should be established on the basis cf estimated field
compaction date. In drw. 7 we reproduce, from the data of
a dam under construction, the roller compaction curve with
its confidence limits and the corresponding frequency distri
bution curve of compaction water content (the confidence
limits on this curve may be neglected hecause of the great
number of tests). From such a combination of curves it is
- easy to see how to schedule a program of tests for represen
tative molding characteristics: two examples are furnished
in the tables accompanying this drawing.

One must emphasize the importance we sttach to the
recognition of the true range of parameters that are likely
to occur in the field on the basis of a given set of con =
struction specifications (2). In view of the difficulty in
fully anticipating this range, we recommend that design com
putations normally aim at slightly higher factors of safety
80 a8 to avoid placing the base of the fill narrower then
may later be proved desirable. Separste test fills are not
considered recommendable., During the initial placement end
compaction under normal full-scale construction operations,
careful field control (1,2) and testing of undisturbed block
samples should promptly furnish data for any revision of the
design, if desired.

Conclusionsa

Shear strength equations for use in stability ans -
lyses may be established quantitatively, despite natursl
pecatier, by use of statistical computations, both for ave-
roge conditions and for various confidence limits of such
en average. The stability of a slope may also be represent
ed more appropriately with respect to probabilities of an
undesirable situation developing, Alf teating should be
carefully programmed and checked to represent the true ran—
&8 of verimtions expected or encountersd in the fill; the
influence of the number of tests on the confidence limits
is apprecisble, and that of the specimen sizes requires con
sideration.

gogoluagogss

Lag ecuaciones de resistencia al corte para uso en
las analises de estalilidad rueden ser establecidas cuanti-~
tativemente, a despscho de la natural disperseidn, con el
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empleo de cdlculos astadfsticos, no solo para condicionss
médias como para vdrios limites de confimnza de la media,
La estabilidad de un telud puede tambidn ser representada
mds apropiadamenta con referencia a las probabilidades del
desenvolvimiento de una situacidn no deseadsa, Todos los
ensayos deben ser ouldadoszamente programados y confronta-
dos para representar el intervalo real de variaciones es—
perades o encontradas en el relleno; la influencim del nii-
mero de ensayos en los limites da confianza es apreciable,
Y le de las dimensionss de las muesiras requiere conside-
racién.
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FAMILY OF TYPICAL CURVES OF NORMAL PROCTOR COMPACTION TESTS

FAMILIAS DE CURVAS T(PICAS DE ENSAYOS DE COMPACTACION
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TYPICAL RESULTS AND METHOD OF COMPUTATION
RESULTADOS TIPICOS Y METODO DE CALCULO
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DATA FROM UNMDISTURBED SPECIMEMS FROM A DAM IN CONSTRUCTION
DATOS DE MUESTRASZ INDEFORMADAS DE UNA PRESA EH CONSTRUCGIGH
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INFLUENCE OF NUMBER OF TESTS AND DETECTION OF SAMPLES
BELONGING TO DIFFERENT UN!VERSE

INFLUENGCIA DEL NUMERO DE ENSAYOS Y DE LA DETECCION DE
UNIVERSD DIFERENTE
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INFLUENCE OF SPECIMEN SIZE ON SHEAR STRENGTH
INFLUENCIA DE LA DIMENSION DEL CUERPO DE PRUEBA EN
LA RESISTENCIA AL CORTE
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PLANNING OF TEST PROGRAM BY USE OF CURVES OF ROLLER
COMPACTION AT FILL AND OF FREQUENCY DISTRIBUTION

EXAMPLES'

PROGRAMACION DE LOS ENSAYOS POR MEDIO DE CURVAS DE ciewrios
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