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INTRODUCTION

The use of compacied rockfills [or dams opened
immense technical and ecanomic advantages, growingly
recognized: the well proven benefit has been of greatly
reducing the unfavourable deformabilities of dumped
rockfill. However, collaleral improvements of, shear
strength, intuitively expected, have not been
convincingly demonsirated or used; on the contrary,
because of misplaced geolechnical theory of Infinite
slope stability of cohesionless soils related to triaxial
compression tests, the slopes empirically accepted for
end-dumped rockfill most often have been Nattened for
the respective compacted rockfills treated as presumed
big-size "sands”, even though there were no reported or
documented failures in the end-dumped natural slope
rockfills, even in high seismicity areas.

In a paper that set a \nilestone in the evaluation
of rock [ills by soils mechanicians. Leps"® reviewed
questions on the shear strength of rockiill, emphasizing
the "daring” nalure of design of rockfill dams based "not
on diagnostic testing of the strength of rockfill but on
the satisfactory performance of many prototype fills".
Analysing the available big-specimen triaxial shear test
data he interpreted the significant variation of "[riction
angle” with pressure as roughly linear, and focussed
importance on the “average [riction value” at very low
pressures, whereby low (9-17 m) "unconventional dams”
of 1 on 0,5 slopes stood perfectly, making it "necessary
and justified to review both the stability analysis
procedures, and one’s assumptions regarding rocklill
strength”, pointing out as an example that "the infinite
slope analysis method is inapplicable”,

Notwithstanding the impressicn  that  the
comments applied only to low dams, and that failure
modes other than sliding shear of a limit equilibrium
mass might have to be formulated, the more recent
trend towards acceplance of steeper slopes in high
compacted rockfill has begun to advance: but the
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profession is tied to very slow progress, because of the
dilliculty and cost ol ‘appropriate testing of rockfill as
constructed, coupled with limited mental models for
analysis and conlident extrapolation of prototype
experience, and also because of the slow build-up of
such experience.

Moreover, the aculely increased consciousness of
seismic risks to dams during the past decade has
renewed concern with prospective deformabilities under
corresponding conservative cyclic loadings; thus, the
profession muslt lace with concern the extremely low
probability with which rockfill dams subjected o strong
seismic shaking will chance to furnish experience of use
in favouring steep design slopes.

It is this paper’s inlent to analyse critically the
subject ol compacled rockfill slope stability. As a
premises there is the historic witness that in major
scientific fields many advances quite beyond the
evidences that nurture empiricism, have been
formulated purely by reasoning, i.e.. mental
experimentation; thus Lo restrict dam design progress
to lessons [rom prototype observations would constitute
an unacceptable stand. Incidentally, any present
analyses/predictions are no more than exercises of
such mental experimentation, and, therefore, the
authors’ proposition represents no more than the offer
of an additional different. mental model, hopefully
better.

The paper submits the cerlainty that much
steeper slopes than presently used should prove
satisfactory for questions of sliding stability. Moreover,
that in facing problems of deformability under strong
earthquake shaking, in lieu of postulating additional
methods of predicling via small scale lest parameters
and computations, a far more promising avenue may be
sought through proper treatment of the rockfill, if the
mental model be judged acceptable, for orlenting such
treatment and the collection of field data {ndicative of
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concomilantly benefitted secondary behaviour.

There have been so many partial demonstrations
of this postulation in recent publications (viz. Charles,
a Soares,”) that, on the one hand, one risks not
attributing each advance Lo ils real originator, and on
the other hand it appears indispensable o altempt
coordinating pasl, present and luture mental modelling
on this important design [eature. The authors apologies
in advance for any unintended lapse on the first count.
On the second. the authors offer their thoughts as
representing hypotheses, presumed very fruitful, to be
debaled.

SHEAR STRENGTH ENVELOPES ATTRIBUTED TO
UNIFORM ROCKFILL

Many series of special laboralory lests have
established the curved Mohr strength envelope
applicable to sound angular aggregate intended to
model, in laboratory specimens, Lhe behaviour ol
rocklills from dilferent quarries.  Recent special
laboratory tests (e.g. Charles and Walis."; Barton and
Kjaernsli, 1. etc.) have shown that at very low confining
stresses the curved envelopes are even steeper lhan
ecarlier suggested (e.g. de Mello.”): however. this
incremental influence in support of stezper slopes is
herein sel aside in comparison with other factors
demonstrably more significant.  For he present
analyses, the strenglh envelope used s shown in Figure
1, collated from the triaxial compression lest data
analysed in 1976 (de Mello,?).
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FIGURE 1: Basic Strength Equations Used NC

For the sake ol comparison. some siress
obliquities t/g that represent the higher strengths
determined by Charles and Watts"' are tabulated
alongside with those herein used and would only
reinforce the points submitted herein. However, they
were nol used because they probably include some
recompression ellects from the specimen compaction
and there is no way ol conflinming this hypothesis and
accounting for it because the nominal precompression
pressures [rom semilog compressibility plots are not
available.

Besides the curvature of the strength envelope it
is postulaled that one prinecipal factor allecling siress-
strain-strength behaviour of clean angular aggregate
and rockfill is the effect of precompression, by crushing
of point conlacts. In so-called cohesionless materials
the slope stability is mostly dependent on the strength
envelope in the low stress range Leps'®, de Mello.’,
Charles, et.al.., etc.). The inlluences of precompression,
roulinely correlated with nominal “over-consolidation
ratios” OCR, are increasingly beneficial at the high OCR
values (hat pertain (o the low stresses. Under
prestressed conditions the start of the strength envelope
will be considerably steeper, and even suggest an
apparent cohesion inlercept, thus favouring the slope
slability additionally.

Special laboratory tests have given definite
evidence (e.g. Veiga Pinto,*”) of the anticipated benefits
of precompressions in clean angular aggregate used for
modelling rockfill. The principal interest in this paper
is direcled towards analogous angular quarried
rockfills, and extending the experience derived from
end-dumped rockfill slopes to stability analyses
presummed applicable 1o corresponding compacted
rockfills. Based on some field experience (e.g. de
Mello,*’) one assumption used for the present
compulations is that the routine four passes of the 10-
ton vibratory roller on rockfill lifts about 0.8 to 1.0 m
thick, produce a compaction precompression of about
7 kg/cm®.  The corresponding benefit on strength
envelope has been adjusted by analogy from the
laboratory lest dala on crushed aggregate (Veiga
Pinto.”®) as findicated in Figure 2. Hereinafter the
comparalive conditions analysed are subdivided into the
normally consolidated (compressed) case, NC and the
precompressed case PC, with values OCR > 1.

Benefits ol precompression derive from (de
Mello.”) the compression-expansive hysteresis attendant
to the crushing of rock-rock point contacts, and should
be of Importance far beyond the mere improvement of
testing techniques (Charles and Watts,*) in conventional
trixial compression lests that apply increasing deviator
stresses lo specimens slarling [rom a non-prestressed
condition. Some collaries ensue from the minute strain
recovery of the crushed points upon stress release,
representing a very high nominal "modulus of elasticity"
(Enge).
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FIGURE 2: Strength Envelopes Adopted for Pre-Compressed

Conditions OCR > 1

Firstly, one reasons that the traditional emphasis
of compaction as the achievement of a given higher
density, has been a gross mistake, and consequenl
deterrent to progress in the subject ul stress-sirain-
strength behaviour of rock and crushed aggregale: an
infinitesimal change of overall dimensicns and densily
can correspond to a big change in siress and areas ol
angular point conlacts, and density is too crude an
index for the purpose, besides being too erotically
variable as a lunction ol grainsize distributions within
the modest test volumes.

Secondly, one must concede thai the locked-in
horizontal compaction stress must be released reaclily
as the roller moves away. the principal horizontal
consequence ol compaction being on lateral deforma-
tions and Poisson’s ratio , and not on slope stability;
thus one first seis asicde, lor conservative simplification,
the smaller beneficial influence of the inversion of
maximum and minimum principal stresses up o a
certain stress level, when over-burden stresses on the
lit generate deviator siresses with regard to the
residual confining stresses [rom compaction (de Mello.”).

Mareover, since for decreased compressibility one
modern trend has been (o accepl. and cven prefer, the
use of broadly-graded "dicty” rockBll. it musl be
emphasized that in such cases the improved behaviour
is dependent on reduced porosity from denser packing,
and on mullitudinous grain-to-grain  conlacts  al
moderate stress, and thereby the salient hysteresis ol
crushed point contacts of clean angular rockfill is
excluded. Thus the case of dirty rockfills. with
attenuated benelits of precompression, will have 1o be
considered in a separate paper.

Some authoritative opinions propose using
vibratory rollers of greater static and impact stresses for
the higher rackfill dams, in order to increase the op
stresses. For possible comparisons of anticipated
benefits, the principal computations are repealed for a
hypothetical op of 15 kg/cm?, and assuming eflects

directly related Lo the op siresses and the OCR ratios
relative 10 each maximum precompression stress.

Finally, in the postulated “instantaneously
crushable” material one must recognize that in general
there will be (wo distinct  conditions causing
precompression : compaciion precompression ¢ p and
the over-burden precompression y p and the over-
burden precompression y, ¥y z  In most of the
compulalions the vertical stress ¥ z al the bottom of
each vertical column of rockhll was adopted as an
acceplable simplified approximation of the stress
controlling overburden presiressing. De Mello®" has
emphasized the need to include influence value | of
stress transmissions due to the overlying trapezoid in
order to improve assessment of @ v values, but this
correction  as  Turther  allecting  slope  stability
compulations is not included herein.

Il the mental maodel of the importance of
precompression be aceepted, one will promptly see the
need 1o extend judicious laboratory testing into OCR
conditions related 1o o p stresses caused by impact
contact crushing, and detected, in nominal values, by
conventional AH vs log o plots, or other appropriate
techniques.

CONVENTIONAL SLOPE STABILITY ANALYSES
CONDUCTED, ROCKFILL AS MODERNLY ACCEPTED

Procedures for computing factors of safety of
slopes have been advanced to a point where different
methods can be used with no more than a second-order
difference in computed result {viz. Fredlund.'"'). The
presenl intent is 1o raise comparative points allecting
present thinking on rockfill slope stability, with no
intent to indicate prelerence for one method over
another. Most of the analysis were carried out by
Janbu's Generalized Method (Janbu,"), and some of the
cases were checked by Sarma’s method (Sarma, ') both
for the sake of illustrating the similarity of results, and
for extracting indications of inlerest lor discussing
seismic stability. All analysis run and presented merely
discuss and exemplify concepts and trends through
typical comparative numerical values.

One early dogma of conventional soil mechanics
would establish the factor of salety of a slope is of
purely cohesionless malerial of friction angle ¢, by the
equation F = tan o/tan i, derived from the sliding-block
mental model of elementary physics. This was shown
to be devoid of engineering interest {de Mello,”) because
it concerns the sliding of an infinitesimal volume AV —
dV — 0 on the surface of the slope. At any rate. one
concludes that atlention must concentrate on small
volumes and shallow sliding surfaces (surface raveling,
theoretical inlinite radius), as well as on the rate of
change of strength and sliding stability with depth of
sliding surface.
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o For a start the 1.0V:1. 3H slope was adopled,
which is routinely taken as the "angle of repose” of
dumped rocklills. For minimizing "end ellects" a high
slope was laken, 200 m as an example. Figure 3
summarizes analysis by Junbu’'s method, of six slip
surfaces.  The critical depth, for the “"normally
consolidated curved envelope® (NC envelope), would
reach a maximum depth of aboul 50 m, with a Factor
of Safety F = 1.43. It is seen that with a curved
strength envelope conventional slip surlace analysis do
reach Mnite critical depths (cf, de Mello,”, Costa Filho
and Thomaz.®) obvialing the indeterminate condition
altendant on the oversimplified linear cohesionless
strength equation conventional for "ideal” sands.
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FIGURE 3: Routine Stability Analysis. NC Curved Equation,

Janbu, Basic Case

In cases ol engineering structures thal have
recorded experience .with protolype [ailures it is not
altogether difficult to assess the signilicance of specific
numerical values ol F, and corresponding minimum
required values for comfort. In the case of rocklills
there are no known failures from which to draw lessons
by back analysis, and, therefore one musl investigale
trends of rate of change. of causes vs. ellects, for
assessing the numerical levels of F (o adopl as
salisfactory. Three laclors surface as significant:

1. One is the rate of change ol F wilh varying
position of the slip surface, suigesting if the
posilion of critical lin:it equilibrivm lies within a
tight band, concentrating higher shear strains:

2. Another is the rate of change of sliding volumes
(consequent damage) with change of F;

3. © The third comprises Lhe rate of change of the
above paramelers with change ol slope, since in
case of discomfort the present direct remedy
would be to flatten the slope.

Some indications on such questions derive from
repealing the analysis for slopes increasingly sleeper.
The results are plotted in Figures 5(a), (b) and (¢). One
concludes that under the average NC strength envelope

adopted, the sliding failure (F < 1.0) would occur with
a slope almost as steep as 1.0V:0.7H. In graph 5(a) one
sees Lhalt the maximum depth of the critical surface
ranges belween 40 and 50 m, with little variation for
the different slopes analysed. Moreover. graphs 5(b)
and (c) indicate, in two different manners, that as the
critical slip volumes increase, the minimum F value
also increases noliceably.

Geolechnical engineering tradition has commonly
adopled constant values 30" < 0 < 45", [or slope stability
F analysis in sands, gravels and rocklills. For the
curved strength envelopes F depends on stress levels
and depth ol eritical surfaces. Figure 4(a) indicates Lhe
gain in Factor of Safely, F, of the critical surface for the
adopled curved envelopes relative to typical limiting
conslanl ¢ values. Claims in [avour of the pre-1960
conventional adoption of 6 = 45° would err with
excessive pessimism for shallow surfaces, and in the
opposite direction for eventual deep surfaces under high
stresses, which dominated the concerns of the score of
years (19G0-80) alier large-diameter triaxial lesting ol
crushed rocks began. for high compacted earth-rock
dams. The case ol eventual deep-seated sliding in
earth-rock dams requires further study in order to
obviale lalse conclusions. In Figure 5(a) "case 3" shows
thal the simplilied early design precedent using ¢ = 45°
for rock becomes increasingly unsatisfactory with
increased height ol dams and depth h [Figure 4(a)] of
critical slip surface.

In Figure 4(b) the results explore the statistice
dispersion ol strength envelopes ol Figure 1 for the
basic 1.0V:1.3H. F varies + 25% around the average.
These indications are compatible with the frequency
distribution data of end-dumped and bottom-excavated
rockhll stockpiles (de Mello.®) wherein the limiting
observed obliquilies (directly related to stability) vary
belween (29 + 14) % higher than the average and (30 +
3) % lower than Lhe average.
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Compered with Classical Assumptions

SOME CONSIDERATIONS AFFECTING UPSTREAM
SLOPES OF EARTH-ROCK DAMS

For upstream shells of earth-rock dams there are
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s0 many Intervening factors in any given project,
especially when involving variabilities of clayey cores,
that one cannot attempt any more than to illustrate
_concepts by a couple of examples.

3 Under simplest idealizations, the least effect to
Incorporate in the stability analysis of the rockfill must
“include submergence in reducing its normal alfective
- stresses.  The basic rockfill sirength equation is
| assumed unaltered by wetting and/or incremental
crushing of contacts (and consequent further reduced
Intergranular stresses), an assumption to be checked by
laboratory tests, and expected lo be different for
different rock types. Moreover, it was conservatively
assumed that the precompression and OCR induced by
submergence do not increase shear strength by
hysteresis: the stress release was [ollowed along exactly
the same strength equation as during stress increase.

Since the changes AF were anticipated to be
small, this case was employed simultaneously for
conducting comparative analysis by the Janbu"¥ and
Sarma''® methods for the curved envelope, and also by
the Janbu method for linear envelopes of ¢ = 37° .5 and
45°, Figure 6(a) summarizes results for the 200 m slope
of 1.0V:1.3H. The critical surface’s F = 1.48 [or the dry
rockfill increased by AF = 0.9 to F = 1.57 due to
submergence to elev. 180 m. The corresponding Sarma
static analysis, dry rocklfill, gave F = 1.51, close enough
to the Janbu 1.48 so that most subsequent analysis
were run by the Janbu method, except when including
seismic eflects, for which Sarma’s method is convenient.
The two cases analysed for constant ¢ indicate the
imprecisions in computations (2 to 5%), since firstly the
results on a linear strength envelope should not evince
any difference due to submergence, and secondly, the
F values for the 1.0V:1.3H slope (case 3, Figure 6(a) are
close to the theoretical F = 1.0 corresponding to {2=0.

The important interference on slope stability of
upstream zones derives from the weaker core material
in conditioning more critical surfaces (cf. Sultan and
Seed™). Although the topic lies outside the scope of this
study, a few simplified runs by Janbu, Figure 6(b),
using judicious parameters for the core, help to indicate
Its influence on the construction perlod stability. For
simplicity, any combination of values ¢', ¢ and pore
pressure coeflicient ru can be transformed into critical
shear strength obliquities e crit. simulating nominal ¢’
nom. values for the core. The analysis used this
expedient. The results for a typical sloping core
position, Figure 6(c), show a modest drop in F values,
because of the depth of the critical surface, and still
leave quite an acceptable upstream stability.

For the upstream shell, assuming the NC critical
surface within the rockfill ftsell [Figure 3, Figure 6(a)],
the comparative F values were also analysed for
confirming the benefits of compaction precompression.
The results are tabulated below. The submergence was

now taken with strength values along the PC envelopes.
For simplicily and conservatism, in the case of op =7
kg/cm® where some slices do reach ov > ap, the
submergence stress release neglected further benefits of
precompression to ¢ p yz of the dry rockfil ato v> yp
only the curved NC envelope was used. Il is
demonstrated that under reservoir submergence the
rockfill slope profits rom conditions much less critical
than during fill rise, that is, with stability greater than
that of “pretested” stable conditions.

MORE DETAILED ANALYSIS OF THE DRY ROCKFILL
SLOPE FAILURE CONDITIONS, NO COMPACTION
PRECOMPRESSION INCLUDED

Firstly, for the NC condition of dry rockfill, 200 m
slope, the possible condition and significance of any slip
faflure were investigaled by using increasingly steeper
slopes. The crilical surfaces and F values were
meticulously investigated by Janbu, giving the plotted
curve of Figure 7(a). Failure would occur with a slope
of about 1.0V:0.7H. {.e., i = 55°. A check by the Sarma
analysis gave exactly the same result. The modest
increase of F values with significantly fattened slope
should temper our judgement regarding required F
values: in malerials of shear strength dominantly based
on friction, statistical dispersions, that call for higher F
values, are relatively small.

Further, using the Sarma analysis, the
distributions of normal and shear stresses [Figures 7(b),
(c)] were computed along the rigid block sliding surface,
and consequently the stress obliquities were derived
[Figures 7(d)] showing local concentrated failure
conditions at the top. The singular computed critical
stresses of the lop of Figure 7(b), (c), (d) are physically
impossible, and might relate to the opening of a crack.
The compulter program is being adjusted to reject such
singularities, seeking revised reruns. Such future local
revisions should not alter present conclusions.

PURSUING THE SIGNIFICANCE OF EVENTUAL
FAILURE OF A SLOPE TOO STEEP

It was established above that the 55° NC dry
rockfill slope would just fall (F = 0,98). The critical slip
surface, 1, (by Janbu) is shown in Figure 8. It was
further analysed for assessing the significance of the
faflure possibility, and its tendency to progress or to
stabilize. The principal hypothetical slip surfaces are
also shown in Figure 8 (and details M, N).

One manifest basis for such assessment calls for
Inclusion of precompressions, both from compaction,
and those aulomatically generated by overburden
stresses of elfecls rapid enough to be accepted as
nominally instantaneous. It {s argued that a limit
analysis conducted routinely has no meaning: any such
analysig constitutes firstly an inquiry Into an eventual
“tendency to fail”, and its significance depends on the



30 IRRIGATION & POWER OCTOBER 1994

UPSTREAM SHELL, 4.0V:1.3H, JANBU ANALYSES FOR COMPARISONS
ON CRITICAL SURFACE OF NC CASE.
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immedialely following query, "il it tends to fail. what
changes of paramelers, phenomena, and analysis would
automalically tend to ensue"?

Firstly, for the same critical surface the F values
were compulted assuming compaction precompressions
op - 7 kg/em?® and 15 kg/em? (hypothetical): if the
higher op values prove significant, one could induce
manufacturers of vibratory rollers to develop, for
experimentation, a roller ol appreciably higher weight
and impact stresses. DBeyond the op values two
conditions may be used, one corresponding to the NC
condition, which prevails during increasing height and
stresses. Meanwhile for an eventual tendency o sliding
aller the stable end-of-construction condilion has been
proven, one should ponder on the validity of applying
the PC strength equation, in as far as the very
movement of the sliding mass should cause a decrease
of vertical stress on the slip surface. The degree to
which the NC and PC strength equations diller,
favouring the post-construction stability compared with
that of the rising fill, depends on the OCR, that is, on
the amount of stress release, and Lherefore requires
postulations of the changes of geomeltry (o be produced
by the slip.

The discussion is referred to Figure 8 and the
accompanying Table I. Firstly, comparison of steps (A).
(B) and (D), shows that for the failing surface 1 (NC
condition) op values of 7 and 15 kg/cm? would raise F
from 0.98 — 1.05 — 1.68, an increase inviling
investment In Increased compaction stressing. A post-
construction slip dropping by 10 m, accompantied by Loe
accumulation of equivalent volume (wedge) presumed to
have degraded [rom PC lo NC strength, would raise F
from 1.05, 1.47 steps (B) to (C) this significant increase
hints at a self-stabilizing tendency as soon as sliding
would begin.

The upper stretches of the.slide scar 1 were
analysed, as per DETAIL (M), because of a recognized
facility for falls, raveling and rolling of rock back to
slopes less negative or subvertical. Despite using the
unfavourable NC strength equation pertlaining to
increasing loading, the sliding analysis still evince a
minor favourable AF for the wedges back of the slide
scar.

DETAIL N, step (F), shows another analysis of an
upper slip surface, 2, where the slide scar has outer
slopes steeper than the 55° that led to NC fallure. For
these runs the PC condition of op = 7 kg/cm?® was used
assuming the upper embankment bullt compacted to
outer slopes 1(a), 1(b), 1(c), 1(d) (the latter coincitlent
with the slide surface 1). The F values of 2.18, 2.14,
1.86, 1.75 confirm that compaction precompression
precludes fallure of shallow surfaces even in very steep
slopes. Increased F values 0.98 — 1.63 — 1.07 —-1.10
resull for deeper slip surfaces 1 —» 2 — 4 — 5 even for
sessimistic NC strengths (steps A, G). For the same

surfaces corresponding values are F = 1.05 — 1.19 —
1.15 — 1.14 for assumed op = 7 kg/cm? followed by NC
strength for ov > op (steps B, H), and comparatively F
=1.68 — 1.41 — 1.45 — 1.52 assuming op = 15 kg/cm?
(ov does not exceed op).

In most analyses hitherto the rocklill was
conservaltively assumed to crush and precompress
under compaction, and not by overlying weight. It
appears valid to consider NC conditions, applicable for
ov > gp as a lower bound while the [ill is rising.
However, for posl-construction failure the material
underlying the slide scar should develop PC strengths
corresponding to op and opv (overburden stresses). The
extreme hypothesis would be of “total removal”
(evaporation) of the entire volume above slip surface 1,
so that the stresses (driving and resistance-generating)
are taken [rom the slices between surface 1 and the
underlying surface under analysis (3, 4 or 5) and the PC
strenglh available along these surfaces is taken for OCR
conditions (Figure 8).

The differences of F results (Table 1) under the
two hypothesis are so flagrant (limit cases) that they
call for careful consideration. But firstly a proviso must
be emphasized regarding the computations summarized
in sensilive comparalive analysis one must choose
between investigating changes of conditions on the
same surface (erstwhile critical surface) vs. comparisons
for various dilferent surfaces, each one critical for its
condition; in the interest of betler exposing concepts,
the first approach was preferred. The major benefit
from the hypothetical high op of 15 kg/cm? is obvious,
and need not be pressed. The principal point, in gist,
is that il there is a start of [ailure, unless there is a very
“brittle” stress-strain behaviour, the lendency to
equilibrium should be sell-triggered. In convenlional
stability analysis, a hypothetical slip surface right
under the real slide surface, would show an F value
very slightly higher than the = 1.0 value attributed to
the sliding condition. If such were the realily in nature,
a certain slide scar (of a significant mass removed)
would be progressively subjected to further sub-parallel
sliding. Nature shows that most often the surface right
below a slide is quite stable, for many a year and
decade: the inference Is that the PC guarantees such
stability. and only in materials that gradually lose the
op benefits by swelling, do slide surfaces themselves
delermine locations more chronically unstable than
other virgin areas of the same original natural slope.

PURSUING THE SIGNIFICANCE OF F VALUES OF A
CONVENTIONAL 1.0V:1.3H ROCKFILL SLOPE

Additional perspective on the significance of F
values in rockfill slopes is obtained from other series of
analysis under the following hypothesis:

0 For the basic critical surface adopted, recognizing
that critical shearing and tensile conditions start at the
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llﬁi. an extreme hypothesis was queried of a crack (or
Ctotally lubricated” surface) progressing deeper, and
‘aftendant changes of F values computed, both for the
.NCand the PC (op = 7 kg/cm®) strengths. The complete
stress release in the cracked stretch throws stress
ments onto the remainder of the slip surface. The
¢ resulls, in Figure 9(a), show that the virtual crack
. would have to reach preposterous proportions (70 to 80
m deep) for the F values to drop to 1.0.

™

‘2.0 Agaln, for the same critical surface, assuming
j that tendency to failure be aggravated by soft loading on
. the crest, Figure 9(b) shows the computed decreases of
i F values with increased height of "soft load fill" (i.e, fill
. that does not develop any resistances within itsell) on
" top. These runs were nest conveniently based on
Sarma's method, simultaneously giving the “critical
“horizontal accelerations" for instability.
- Correspondingly, the vertical (nominal) accelerations
| related to the vertical soft load applied could be
. obtained by direct ratios of applied forces to the weight
_ of the critical sliding masses. Table 9(b) thus combined
critical horizontal (Sarma) and vertical (nominal)
- accelerations  of eventual seismic action for
unstabllizing. Although the analysis used only the NC
condition, realistic for the increased vertical loading
hypothesis but pessimistic for the horizontal unloading
hypothesis (Sarma), the results eloquently prove that

even a modest F value (say of about 1.3) would yet.
require too high a physical loading for unstabilizing. °

For instance, for the original critical surfuce, a height of
soft load fill of density 2.2 t/m® (137 pcf) would have to
extend higher than 100 m to lower F to about 1.1.

For another manner of assessing the influence of
heavier loading, comparative runs used increased
rockflll densities of 4.4 and 6.6 t/m° simulating
Increased constant vertical accelerations. Also, further
Isolated comparative runs were made (a) applying the
vertical soft load only on top of the sliding mass, (b)
checking the critical horizontal acceleration (Sarma) for
cases of compacted rockfills with PC envelopes. All
these results are tabulated in Figure 9(b), serles bl,
cases 5 to 8, and confirm very favourable "resilience”
exhibited by rockfill slopes to unstabilizing factors,

3. Finally, for yet another assessment of the
physical capacity to unstabilize the basic critical slip
surface, comparative runs investigated the effect of
eventual removal of material from the toe of the sliding
mass (NC strength). Both Janbu and Sarma runs were
used, Figure 9(c): for convenience the wedges removed
were chosen pertaining to the original analysis (case 2,
Figure 3). Surprisingly big wedges must be removed to
reduce F from 1.5 to 1.3.

These three sets of analyses surely confirm the
Inherent difficult to unstabilize a rockfill slope of
onventionally denominated angle of repose, even under
NC conditions. Compacted rockfill under PC conditions

should be very much better.

CONCEPTUAL JUSTIFICATIONS FOR THE
CONSPICUOUS DIFFERENCE BETWEEN SLOPES IN
SANDS AND IN ROCKFILLS

Conventional soil mechanics has driven so deep
the conceplts regarding slopes of sand stockpiles, angles
of repose, the'slope stability factor F = tané/tan i, the
influence of density, and the generally controlling loose
condition at the slope, that understandably the faces
dificulties and momentous responsibility in advancing
these theses,

Some light, and hint of promising rationalization,
Is extracted from the data on end-dumped rockpiles
(loose, NC strength conditions) reported by de Mello®,
differentiating between the surveyed stable slopes
during filling and during bottom excavation; but it must
be aided by Intuitive analysis. The data published are
transformed in Figure 10(a) into rough histograms and
frequency distributions. The concepts should be
extendable to compacted rockfills, PC conditions,
guaranteeing much higher F values, since in the field
data used there are no benefits from compaction
crushing hysteresis.

In any material exhibiting a dispersion of
strength parameters around the mean, if we temporarily
assume constancy of the stressing towards failure, the
classic definition of factor of safety F should be
differentiated from two other factors FG = Factor of
Guarantee, and FI = Factor of Insurance. The three
definitions were simply defined as (e = dispersfon):

F= Strengthte . _

strength+el ahd
slress '

‘siress !

Fl = strength - e2
siress

and obviously a given structure is increasingly safer for
the same numerical value of FI - F — FG. The typical
F condition occurs when there is no possibility of
anticipating to which side of the average strength the
uncertainty e will develop: FG prevails when a
“protesting condition" guarantees that the strength can
only prove higher than a demonstrated value; finally FI
would apply when the strength applicable to the
problem can only be worse than a value determined.
The differences between FG, F, and FI values in a
specific problem depend on the spread of the frequency
distribution curve, and on the manner in which the
pretesting condition truncates it, at the lower end for
FG conditions, or at an upper limit for FI situations.

In Figure 10(b) a plausible intermediate
distribution curve, GENERAL, G, for the given rockfill
has been fitted. The repose slope In sands, gravels, and
rockfills is determined by the stability of individual
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blocks at the surface, controlled by interlocking at zero
applied stress: thus the flatter slope during stockpiling
is controlled by the least interlockable rock [ragment,
pushed over the brink and rolling, having to stop, a
situation recalling the difference between "static” and
“dynamic” friction. It is thus representative of the worse
conditions within the rockfill dispersions; small rock
volumes of much greater stability and localized slope
could occur, but cannot about proportionally so as to
represent the slope; if they are too stable for the slope
angle they cannot roll and stop midway 1o form part of
it, but will be surrounded by median stable rocks and
therefore be buried below. In short, we may consider
the G-distribution trunecat~d excluding the values
higher than the average, yielding the FILL, F,
distribution. Moreover, we infer that in such an end-
dumped rockfill pile Increasing in height the slopes
imply FI conditions from the overall end-dumped
rockfill properties. The slope is, however, quite stable
on average; end-dumped rockfill slopes are not subject
to continuous raveling or surface sliding deformations.
Roughly representative values for the factors of safety
are given in Figure 10 for the example used.

Recapitulating, at least three factors have
imposed the flatter slope of rockfill material end-
dumped: the dynamic vs. static friction condition, the
loose non-imbricated condition, and the Inference that
blocks of high — ¢ well — imbricated behaviour will
inevitably occupy a position somewhat below the
surface. Therefore, the Internal critical surface is
confirmed, for eventual mass sliding in the rising NC
fill. Thereby the concept reports to the change of F as
the fill rises, a steady deterioration being proved [Figure
10(c)]. forcibly demonstrating that on all counts an end-
dumped rockfill constructed to a certain height has
been pretested to the height. Any unsatisfactorily
stable rocks and/or slide volumes would have been
removed "by natural selection”, and all the material that
remained was better than the lower bound average
value proven by the mass sliding stability reached at
the top. Thus, for conditions after end-of-construction,
the slope stability can be concluded to be proven into
an FG condition on the initially FI values. Moreover, for
any unstablilization caused by excavation of the stock-
pile at the bottom, favoured FG conditions prevalil : the
values have to be equal to, or better than, some
pretested value. During the bottom excavation, small
representative volumes of surface rocks are held stable
by the bigger blocks well imbricated ("static friction").
thus guaranteeing the stability of a much steeper slope.

For both the situations concelived, of FI rising-fill,
and FG bottom-excavated stockpile, the truncation
(rejection criterfon) of the G-distribution has been
assumed at the median ¢, giving the F and E-
distributions.  Under these assumptions (or any
analogous one) one derives the comparative FI, F and
FG values listed in Figure 10, under the simple
assumption of linear cohesfonless envelope, and F =

tang1l /tand2.

Three corollaries arise from these discussions on
such a geneyic case represented by clean angular sound
rockfill and frequency-distribution curves. Firstly, for
any moderately sloping frequency distribution curves of
¢ values at low stress, a given external "angle of repose”
slope has a stable factor of safety. Secondly, since in
sands a much lower numerical F value can be accepted
than in clays (de Mello.®), because of the much smaller
dispersions (no dispersion of pore pressure u), the same
reasoning reinforces acceptance of very low F values as
unquestionably satisfactory in rockfills. Thirdly, the
analysis of accepted dogmas on repose slopes in
uniform sands fits easily as an idealized material of G-
distribution curve absolutely vertical, and without any
hysteresis of crushing of grains (near surface). All three
distribution curves, F, G, E will coincide, and FI, F, FG
= 1.00. Inevitably therefore the angle of repose
condition tends to F = 1.00, and any grain on the slope
is on the verge of slipping or rolling. These facts fit into
the general theory, but in no way suggest that a
"repose” slope of rockfill has F = 1.00.

PRELIMINARY
PROBLEMS

IMPLICATIONS ON SEISMIC

Immense eflorts have been: applied to cy‘clle
testing of large-size laboratory specimens of rocks, and
to finite element analysis of the predictable permanent
displacements and yield accelerations or rockfill dam
slopes under hypothetical critical earthquake. The
authors are unable to confirm to what extent the test
results and subsequent analysis embody the benefits of
precompressions by crushing. However, the
engineering philosophy postulated by de Mello™ stands
most applicable in the highly unpredictable and
especlally uncheckable field of seismic forecasts and
behaviours, to the effect that one should prefer to
predict and guarantee what will not happen, rather
than attempt to predict what might he likely to happen
(cyclic compressibilities and yields) In the compacted
rockfill dam. In short, if at all possible, the engineer
should aim at achieving a compaction treatment such
that the rockflll might be pretreated and pretested to
behave satisfactorily under the eventual design
earthquake.

Since vibratory-impact compaction is used in the
construction, the first step comprises checking to what
extent the dynamic stresses applied during compaction
might envelop the predictable seismic stresses in the
significant zones of the rockfill. Such data as shown In
Figure 11(a) suggest the possibllity of achieving the aim
regarding impact stresses, accentuated by much higher
accelerations: the problem lies in pre-compensating for
high static overburden stresses to which the lift is
subjected when the cyclic seismic stress superposes.
Recognizing that in many a case the alm may not be
fulfilled by commonly used equipment, the second step
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involves assessing how to adjust equipmient, materlals,
and construction specifications, to meet the intent. It
may oflen prove much more elfective, technically and
economically, lo promote the desired adjustments in the
manulacture of vibratory compaction equipment, and to
adjust material and construction specilications, for the
desired level of stressing of the rockfill, so as to dictate
its behaviour. than lo accepl passively the present
routines that had not considered seismic problems, and
to spend most eflorts on allempting (o predict the
behaviour of the material under debatable and
uncheckable premises. When many millions of cubic
metres of compacted soils were involved, improved
rollers were developed for the purpose: an analogous
situation now exists for the much increased use of
compacled rockfills.

The present discussion merely intends Lo open
vistas lo the approach presumed promising: the fact is
that many research and practical developments should
be detailed (e.g. Marsal,'®, Schwab et.al..'?, etc.), but
would require a [ull additional paper.

Broms and Forssblad™ list as principal factors
affecting vibratory compaction efficiency, the: (a)
resonance [requency of the compactor-fill system; (b)
number of cycles of loading; (c) shear resistance during
vibpation; (d) magnitude of dynamic stresses
trahsmilted to the lill. For rockfill, faclors (a) and (c)
that control rearrangement of grains lose importance in
comparison with faclors directly related to siresses
crushing point contacts, which one acceplts as related
to () measurable average stresses (function of weight

and fmpact of roller) and () the ratio of impacting
weight o weights of impacted stones, and especially (g)
grain shapes and size distribution. The Increasing
rigidity ol lift with increasing passes has been finally
eslablished as (he really rational measure of improved
compaction (ef. Schwab et.al.,'”): in as far as this
Increased rigiclity is due to conlact stresses, it Inevitably
reflects decreased deformability (static and cyclic) and
increased PC strength and slope stability.

Data for attempts al forecasting are very scant
but consistent enough Lo offer positive promise. Figure
11(b) reproduces vertical stresses transmitled into the
lit by loads al the surface (a) statically, ovs, by
calculations for a Boussinesq medium, and (b)
dynamically, ovd, as measured for 1.4, 3.3 and 12.5 ton
rollers. Possible curves for ovd, lor eventual 25 and 50
ton rollers are also plotted as per Figure 11(c). In the
lalter graphs simple ratios of dynamic to slalic stresses
from Figure 11(b) at dilferent depths are used for
extrapolations, plausible though crude. An advantage
ol using shallower lifts derives [roin the higher stresses
transmilled [Figure 11(d)] but one should recall that
thinner lilts represent smaller stone, and the effects will
differ considerably if quarry run finer rock is compared
with crushed sizes. relatively uniform and stronger.

Figure 12(a) reproduces as an example the
maximum seismic stresses Aovd /ovs computed by FEM
analyses for (he Las Piedras Dam (Parras and
Cervanles, 17) for a M = 7 earthquake: the incremental
vertical slresses reached about 15% of Lhe static
overburden stresses. Figure 12(b) shows (hat as
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i regards number of loading cycles the rollers are highly

| superabundant in comparison with an earthquake (e.g.

| Oroville case). Using the 15% increment [Figure 12(a))

' and a vibratory roller frequency up lo twice the present
routine equipment, Figure 12(c) shows approximately
the maximum layer thicknesses to be used so that the
roller dynamic stresses will precompress the lifts to
crushing equivalent to op = 115% opyz. The indications
are obvious, bul the orders of magnitude must be
emphasized. A 12.5 ton roller may roughly meet
requirements for 50 m burden, under earthquake, with
lift thicknesses of 0.4 to 0.5 m. One must recall,
however, that for slope slability purposes Lhe
overburden height in question is that on the eventual
sling surface (Figure 3). One final important point of
optimization concerns the rockfill parti-le sizes, quality
and shape. Marse''” suggests an index expression,
Figure 12(d). for the ave l;gge conlact force as a lunction
of particle sizes and average applied stress. Assuming
a concern that by exceeding some intact force (e.g.
herein taken as 100 kg) the rock particle would offer
breakage, Figure 12(d) indicates the maximum particle
dimensions (1/n,) so as lo avoid such a problem, thus
imposing increasingly smaller sizes under heavier
rollers. The concept requires region recognizing that
material from a given quarry and crushes inexorably
exhibits higher intrinsic resistances ("by natural
selection”) as bigger sizes possessing weaker more
distanl planes are crushed lo smaller ones, with only
stronger weakness planes surviving,

The topic can only be opened for research and
development. An ideal material and grain size distribu-
tion should be one that would suffer significant crush-
ing of infinitesimal angular contacts, so as to reach high
op siresses on a minimally incremented contact area. of
really high resistance to further crushin g,

The fact is that even with clean angular rockfill of
qualities far from ideal, the crushing precompression
already improves very much both the static and the
seismic  slope stabilily and behaviour. Any
concentrated eflort on research and development along
the lines suggested should offer high ben=(it/cost ratios
to dam design and construction.
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