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441 Functions of embankments.
Embankment dams

An embankment is a trapezoidal section of fill made of earth
materials for establishing a crest of moderate width and grade
higher than the surrounding terrain, and is contained by stable
side slopes. It performs certain engineering functions. Common
functions of embankments include raising highway and railroad
grades above levels of a certain statistical recurrence of flooding,
and so also for approaches to bridges, viaducts, flyovers, etc.
In all such cases the design engineer estimates the maximum
height up to which the use of an embankment is, technically and
cconomically, .the most desirable solution, being thereafter
supplanted by structural bridging.

An embankment dam s a fill as described above that, besides
serving the functions required of all embankments, impounds
water on one side, sustaining a differential hydraulic head
between upstream and downstream. Thus embankment dams
must dissipate this differential head under optimized conditions
of stability and of seepage.

All embankments have common problems and solutions, but
embankment dams face in addition the recognized worst source
of problems in soil engineering, namely, the effects of water,
through pore water pressures and seepage gradients. Therefore it
is proposed to discuss embankment dams in this chapter which
will also cover the basic points for other embankments.

44.2 Types of embankment dam

Embankments and embankment dams date back as far as
recorded history. Early civilizations developed adjacent to water
and there was frequent use of homogeneous fills on swampy and
flooded flat ground. Embankments were built with local
materials, transported, spread, and often lightly compacted by
manpower or by animals. Alternatively, materials were
hydraulically transported and sedimented, generating the
embankment mounds with lateral beach slopes. Either of these
primitive embankment types may be visualized as having
evolved from a schematically homogeneous mound.

In more recent times a distinct general trend is attributed to
the intensification of gold-mining in the gravel beds of temporary
rivers. Two trends developed; on the one hand the availability of
sufficient impervious soil, and construction time unhindered by
hydrology, favoured the use of the central earthcore dam with
gravel shells. Symmetrical cross-sections prevailed in such early
zoned embankment dams. At the other extreme, that of
hydrological hindrances and lack of impervious soils, a parallel
type of dam developed wherein a coarse pervious non-erodible
embankment provided the stable geometry, and a thin non-
erodible upstream impervious facing impoanded the water.

For an understanding of the principal types of embankment
dam cross-sections it is helpful to visualize an idealized more or
less historical development which excludes foundation problems
by assuming a firm, impervious, homogeneous foundation.
Conditions affected by foundation problems must be faced quite
separately because of the strong dominance of geology, and the

Table 44.1 Types of embankment dam cross-section
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fact that no two cases are sufficiently alike. One might thus start
from three conceptually different basic types, as summarized in
Table 44.1 and illustrated in Figure 44.1.

Recommendations for the design of embankment dams must
take account of, firstly, the selection of the physical model judged
most preferable and, secondly, the dimensions derived by
geotechnical computation. Obviously there is a continual
interaction between the two. The distinction is emphasized.,
however, because basic physical principles can be of much
greater consequence than a subsequent computational
adjustment based on nominally accepted practices.

44.2.1 Reservations regarding visual principles of
imitative designs

A critical scrutiny reveals that preliminary designs of
embankment dams have been primarily influenced by visual
imitations of cross-sections of existing dams in lieu of assumed
physical principles of behaviour. Two principal components
have been symmetry and geometrical similitude. So many dams
have used symmetrical sections, with acceptable behaviour. that
often such sections are taken as establishing a design precedent
(see de Mello'). However, it must be emphasized that both
symmetry and geometrical similitude as bases for precedent are
devoid of sense. The first must be rejected since the functions
required of an embankment are too blatantly asymmetrical. The
second retains some acceptability under the proviso of small
incremental variations from one case to the next. Nonetheless,
geometrical similitude implies linear variations of behaviour and
degrees of acceptance, which seldom., if ever, represent reality.

44.2.2 Idealized interpretation of basic principles behind
design evolution

The homogeneous earth mound impounding water was
progressively made to incorporate important details, mostly
because of lessons drawn from failures. A dam with a highly
impounded voluminous reservoir should be gua ranteed againsl
failure. There should not be a risk probability, however small,
computationally attached or attachable to such catastrophic
events. Such singular conditions, classed below as type (a) cases,
can only be associated with so-called ‘statistics of extreme
values’, for which calculations, even probabilistic, are illusory.
The solution demands a change of physical model. Other failure
and misbehaviour conditions are sufficiently repetitive, type (b)
cases, to permit establishing ‘laws’, thus inducing theorization
for calculations using statistics and probabilities of averages,
within a constant physical model.

(a) Design changes dictated by exceptional failures (extremes)

Absolute priority is assigned to this group: wherein the designer
must avert eventual failure by ‘choice of change of statistical
universe’, that is, by a physical change of section and/or
materials.

Exaggerated examples help to elucidate the concept. For
instance, in constructing an embankment with clean compacted

1. Homogeneous section, %
semi-pervious to impervious hydraulic fill

2. Zoned earthcore and rockfill-shell section, placed and
compacted

3. Upstream impervious deck, on gravel or rockfill embankment section

spread, and compacted

Preliminary designs
mostly by visual
imitations, that is,
by geometrical
similitude

Symmetrical at start
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OBSERVATION
Repeated failures
Exit A (Extreme)
Mass B (Average)

Very infrequent
failures

Exits A (Extreme)

AVERAGE CONCLUSION

1. Flatter DS Slope . . .,
Little improvement

2. Toe and blanket
filter-drain of Case 2

Failures still blamed on"
‘unusual’ conditions.
Compare conceptually with
spillway design for

average flood

(a) Conceptual — historical improvement of control of pore pressure conditions

Reinius (1948)
/" solution

Optimize for US slope
under rapid drawdown
RDD, of much lesser

importance

Patel et al.

Conceptually unacceptable
increase of DS risks
compared with case 2.

(b) Over-confidence in flownets and disproportionate attention to US stability

Vertical interceptor
filter (DP—1)
conceived for
simultaneous control
of max. construction U
as well as flownet

Optimized trend with
regard to seepage
stresses

Case 5

Functional earth-rock
section satisfies DP—1

Second-order insuccesses
presently interpretable.

Case 7b|

(c) Acceptable bases for optimizations|

rockfill any problem of construction-period compressibility pore
waler pressures (Sections 44.3.1 and 44.6.3) and corresponding
slope instability is excluded. Therefore, one may claim, because
of the physical change of material, that the mathematical
probability risk of construction-period instability of clean
rockfill due to pore water pressures is truly and deterministically
zero (see de Mello?).

The really serious concerns regarding embankment dams are
associated with stability under extreme conditions of reservoir
operation, and these may be subdivided into:

(i) mass instability problems, of both slopes, type (b) cases;

(ii) eventual problems of internal erosion (piping), transverse
tensile cracking, and other situations of extreme-value
statistics, type (a) cases.

Any singular condition of failure, such as that of tensile cracking

automatically. Conceived
under erroneous symmetry.

Requires optimization
avoiding vertical

element and near symmetry
as in case 6

Variation on case 4

Valid for optimizations
under DP-2, 3, 4, 5.

Upstream impervious element
stabilized by water or seepage
pressures, resting against
embankment intrinsically
impossible to fail.

Figure 44.1 Rationale of
conceptual evolution of types of
embankment dam and cross-
sections

~

or internal erosion (piping), which, if undetected, leads to overall
ruin, requires a judicious change of cross-section to preclude the
development of such conditions. For example, a change in the
cross-section of a dam which would guarantee behaviour under
compressive stresses, precluding tension, represents an
acceptable solution. Such basic design choices of physical models
and materials obviously take precedence over optimization by
computation.

(b) Design optimizations pramoted by theorized computations

Within the second category of design developments, derived
from failures and misbehaviour, fall all the adjustments
employing present computations on seepage flownets, mass
sliding instability of slopes and corresponding computed
factors of safety, compressibility settlements and . other

N



deformation estimates, and so forth. It is emphasized that the
priority design preferences, presently often incalculable,
represent the starting point not of design but of design
optimization.

The improved control of pore water pressures and exiting
seepage stresses through filter-drains is interpreted as having
been principally predicated as in (a) above, for averting piping.
But under average conditions the accompanying benefits to mass
slope stability are automatic. Any impervious or drainage zone
automatically affects both types (a) and (b) of instability. Widely
different conceptual effectiveness is attached to each, but the very
fact that type (b) conditions are amenable to the geotechnical
computation rather than the art of embankment dam
engineering, leads to a disproportionate occurrence of the latter
in publications.

Computational methods and results on such mass
geotechnical problems have contributed much to the evolution
of design. Seismic (dynamic) instability analyses have become an
additional important consideration but have not yet clearly
contributed to the incorporation of specific optimization features
in the more commonly used design sections.

44.2.3 Schematic rationale of a conceptual evolution of
three basic design sections

The three basic sections, namely, the homogeneous embankment
section (with filter-drainage features), the central core earth-rock
section, and the upstream impervious deck rockfill sectlion, serve
as a basis for discussing conceptual design developments and
help elucidate the comparative importance of extreme versus
average conditions.

Some points illustrated in Figure 44.1 call for additional
comment on principles. For case 1 (and similar) if there is
adequate time for downstream treatment under slow reservoir
filling, the most effective and economical way of controlling
seepages as they appear is to apply localized filter-drains.
However, a good remedy is not necessarily a good preventive
measure. Design should resemble a fully effective vaccination:
one seeks protection against any trouble developing at an
inopportune moment and/or in more virulent conditions.

The use of seepage flow nets led to a series of design
suggestions (case 2, 3a, 3b) which are questionable as
intrinsically undesirable, even though good behaviour has been
obtained in many cases. The intrinsic failing arises from the
disregard of extreme conditions (infrequent, but not precluded)
whereby a single path of preferential seepage may cross the dam
with negligible head loss and consequent high risk of piping
failure. In short, the design should require some fully intercepting
(inclined or subvertical) filter-drainage, such as introduced in
cases 4 and 5, and such as existed in principle (merely requiring
detail optimization) in cases 6 and 7.

The zoned earth-rock sections of case 6 and upstream deck
sections of cases 7a, 7b, basically optimized the use of very stable,
fully drained rockfill (or gravels, etc.) for the zones designed to
guarantee mass stability, and separated the zone required to
provide imperviousness. The important problems thus are
shifted to providing adequate transitioning between such highly
differentiated zones and materials, such transitioning being
compatible with filter-drainage and deformations. Once again,
what has been dominant in design of these intrinsically well-
conceived sections, is the attention to the extreme-value
problems of cracking and of potential piping.

The upstream-deck dams using non-erodible impervious
membranes (for example, lightly reinforced concrete slab) will, in
principle, be recognized as free from risk of ‘failure’. The
problems of upstream-deck rockfill dams thus has shifted to the
area of minimizing ‘misbehaviour’ of higher water losses, due
either to imperfect sealing of foundation or slab joints, or to the
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cracking of slabs because of incompatibility of slab flexibility
with deformation of its supporting embankment.

Failures and the analyses of failure modes have furnished the
principal evidence for development of optimized sections and
corresponding materials. Thereupon, within chosen sections,
methods of testing and computation, and somewhat arbitrary
factors of safety, and acceptance criteria, have been established
on the basis of precedents, and intuitive revisions thereol.
Embankment dams may be built of almost any available
disintegrated materials, even organic and sanitary fills, and
depending on the material in question may be executed by many
different construction procedures, provided that each gives the
necessary guarantee of safety and adequate behaviour.

44.2.4 Checklist of basic design principles

A checklist of design principles to be used is shown in Figure 44.2.
It provides a framework both for analysis of case histories and for
sketching of new preliminary design proposals (see de Mello').

Two basic points are emphasized. Firstly, a sine qua non
Design Principle 1 (DP1) is proposed, to exclude extreme value
conditions by choice of appropriate physical model (statistical
universe). Secondly, in the subsequent use of idealizations and
computations for design optimizations one must compensate by
emphasizing the use of statistical variabilities within the
computation routines.

All repetitive behaviour is subject to dispersion, establishing a
histogram of a continuum that is only acceptably quantifiable
within the band of mean plus or minus standard deviations.
Therefore design adjustments, here discussed under four
additional Design Principles (DP2 through DP3, Figure 44.2),
must satisfactorily cover foreseeable problems to be deduced
from parametric variations of consequence in the computations.

Design Principle 2 (DP2) is explained by some common
examples. The basic desire is to use an overriding conditioning
element so as to make the engineering behaviour essentially
independent of the statistical variabilities. If a subsoil presents
questionable conditions for footing foundations, the engineering
solution will be to cut across the region of uncertainty of the
upper strata. In similar manner, strong preference is given to a
chimney filter-drainage interceptor over the full height of the
dam not only for the physical exclusion of piping (extreme-value)
under DP1, but also for subsequent optimizations according to
DP2. ;

Another important Design Principle, DP3, for selecting the
best physical design, recommends that the total contribution of
the medium traversed be drawn in. This principle seeks to ensure
the behaviour of averages, with resultant homogeneity, prudence
and economy. In the example of piled foundations, preference
would fall on pile types that foster frictional resistance, to
complement point resistance. In the case of pervious foundations
of dams the principle suggests lengthening the seepage path to
the utmost, without encroaching on other design aims.
Whenever a larger mass is brought into play, the risks of the
behaviour being controlled by a localized unfavourable
condition are smaller.

Design Principle 4 (DP4) emphasizes that preloading or
prestressing under controlled conditions, subject to adequate
observation, is an ideal design solution. The proportion of
failures in geotechnical structures increases significantly as the
ratio of incremental to existing stress increases, and as the time
rates of such changes become higher. For instance, ‘in
foundations the worst failures have occurred with silos, tanks,
etc., where the ratio of live load, rapidly applied, to structural
dead load, is very high. Thus a useful design expedient favours
prestressing as much as possible, under slow controlled
conditions, in comparison with stresses to be faced under future
uncontrolled critical conditions.
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Design principle 1:
el o Ensure behaviour dominated by
statistics of averages, to
exclude extreme occurrences (DP—1)

With DP—1
guaranteed
Problems in attempts
at application

T |nduced

(a) Sample ‘size’
o

Random occasional (d)

With deterioration
likely or possible (e)

With potential
stabilization (f)

Number
T Volume

Within admissible
statistics of averages

Design principle 2:
DP-2

Design principle 3:
DP-3

Design principle 4:
DP—4

#= (b) Geometric frequency
\ distribution
(¢} Time (occasion) distribution

Use dominant feature to cut across
variabilities of the statistical population

Notwithstanding, DP—2 entice integration of
effects and cumulative cooperation within the
said population

Minimize untimely, uncontrollable, major and
rapid, changes of condition towards problems

of consequence

Design principle 5;

DP-5
successful

Finally, in Design Principle 5 (DP5) engineers are reminded
that it is mostly on the adequacy of the hypotheses, and not on
refinements of computations, that the safety and satisfactory
performance of a dam are critically dependent. Every design
decision, and especially every computation, presupposes some
functional hypotheses. In the face of each assumption and/or
prediction, one should question and check what would happen,
and what could still be done to accommodate surprises, if results
turn out significantly worse than anticipated.

Hypotheses and parameters initially taken at judicious
average values should be rechecked under variabilities dictated
by'statistical probabilities. For instance, what would happen to
an assumed flow net due to full reservoir if the filter-drainage
system proved insufficient or clogged? What corrective
treatment could be used, with what rapidity and efficiency, to
return the pore water pressures and embankment stability to the
desired levels? Prudent design treats with greatest respect the
parametric variations that provoke the greatest rate of change of
effect with rate of change of variation of hypothesis.

For every behaviour desired and assumed, check
what happens, of consequence, if it is not

Figure 44.2 Checklist of design
principles (de Me|Iu1)

In summary, experienced design starts from the choice of
adequate physical model, free from unquantifiable damage
phenomena of extreme-value statistics, and then uses judicious
design computations, with respective parametric variations. The
resulting computed variations would establish a continuum of
the histogram of predicted behaviour. As shown in Figure 443,
the decision of design is a Yes-No (accept-reject) discontinuity
applied to truncate this predicted continuum on the basis of
acceptance criteria derived from previous projects. Thus, the
ultimate need for design computations is to establish acceptance
criteria within the prefailure ‘small-misbehaviour range’ that
permits collecting sufficient repetitive data.

Priority attention to catastrophic failures has understandably
contributed to advances under DPI1. But the comparative
indifference to varying degrees of small-misbehaviour
histograms of cause—effect, and the corresponding acceptance
criteria, has been the deterrent to progress in the link between
rapidly advancing theory and computations, and to the
confident exercise of professional activity of design and
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construction, assisted by Design Principles 2 through 5.

44.3 Principal modes of failure and
misbehaviour, and behaviour parameters

An embankment dam is a very complex structure obliged to
synthesize information from many areas (see Thomas®; Salas*;
Sherard®).

(a) Hydrology. It is well established that hydrological factors
have been responsible for the greatest number of failures, due to
insufficient spillway capacity, or misoperation of critical
hydraulic features. An important point to be made for
embankment dams is that a so-called probable maximum flood
(PMF), which has no probability attached to it but may be
considered as a ‘once-never flood’ to be used for design, cannot
be taken as a fixed value for a site, but requires adjustment. Some
factors imposing such adjustment include rate of rise of reservoir
water level with incident PMF; proportion of PMF flood volume
(not merely peak discharges) to volume of reservoir surcharge;
guarantee and rate of control of operative gates; and
consequences to downstream upon discharge of the PMF or
variations thereof, controlled or uncontrolled.

(b) Geology. The geology, both of the reservoir, and of the site, is
recognized as responsible for a greal number of cases of
misbehaviour and of total failure. Rivers are the
geomorphological expression of weaker geological zones which
have been preferentially attacked, and sites selected for dam
construction tend to have topographical and geological
conditions that singled them out. Moreover, the higher the dam
the greater tend to be the problems, and therefore the foundation
requirements are more demanding. One simple design-
construction dictum is that the functional competence of
foundation zones should measure up to being equivalent to or
better than that of the immediately overlying embankment zone.
The abutments call for special attention. The point to emphasize
is the immensely different degrees of confidence in comparing a
material constructed as designed and inspected, and the
underlying geological material, accepted under simplified
hypotheses and mere spot investigations, however sophisticated,
and therefore much more subject to erratic and unforeseeable
local variations.

The principal facets of misbehaviour or failure facing the

geotechnical engineer include mass instability of slopes,
unfavourable seepage effects, and differential deformation
detrimental to the behaviour of the embankment.

44.3.1 Construction period stability

There have been many cases of slope instability during
construction, especially in cases of compressible impervious
materials placed under near-saturated conditions in which the
added weight of fill generates significant pore water pressures.
The more rapid the rise of the fill, the worse is the problem. The
slope stability computation is routine, and is handled by two
alternative procedures as regards stresses and strength envelopes.
It is recommended that both analyses be used. One is based on
total stresses and the apparent strength envelope of quick, Q, or
unconsolidated-undrained, UU, triaxial tests and gives
satisfactory first estimates, less subject to errors in laboratory
and field pore water pressure determinations. The other, based
on the effective stress strength envelope requires concomitant
determinations (or, at the least, appropriate estimates) of the
pore water pressures that would develop under representative
‘undrained’ loading conditions.

Since sliding failure can be averted with relative ease and, if it
did occur, would not generally be of great consequence, it has
been often proposed that a very low factor of safety, S (even as
low as about 1.1), could be accepted. Any such generalization
must be denounced as wrong and dangerous, since many
idealized hypotheses are hidden in the standard stability analyses
and oversimplified concepts of factor of safety. Judicious
analyses may well show different cases at FS=1.5(40.6) to have
analogous behaviours. The questions of slope stability analysis
and choice of appropriate factor of safety are further discussed in
Section 44.6.1.

Besides the above slope instability hypothesis for
embankments on competent foundations, there are cases of
instability on soft foundations. The cases of embankments on
soft clays reflect a special condition of foundation bearing
capacity, and represent an ever-growing chapter in geotechnical
engineering. The most common solutions include the use of
weight berms (an efficient way of achieving the effect akin to a
fatter overall slope) or the use of various ground improvement
techniques such as vertical drains for accelerating clay
consolidation, compaction techniques for loose sands
(vibroflotation, compaction piles, deep dynamic compaction,
etc.), and so forth (Figure 44 .4).

Stability berms Main embankment

Nyen
* Filter

Vertical wick e
drains I

Soft clay ; “ H

Firm material
wr—t’

Embankm

Soft or | Precast piles,
loose compaction piles,
soil reinforcing columns,

etc.

Figure 44.4 Ground improvement possibilities for embankments
on soft soils
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44.3.2 Sliding instability of the downstream slope (DS)
with reservoir filled

Such failures have occurred much less frequently after the
principles of flow nets and of slope stability analyses by effective
stresses became more widely used. This type of catastrophic
failure must be avoided. Since greatly varying hypotheses
regarding both pore water pressures and nominal strength
equations still prevail, one concludes that the exclusion of risk of
such failures may not be guaranteed merely through improved
design computations. The author emphasizes a design preference
for sections and materials that would exclude perceptible and
rapid changes of pore water pressures affecting stability of critical
downstream zones, in changing from end-of-construction to full
reservoir conditions. In such situations fully intercepting filter-
drains are used, and great confidence is attached to calculations
of incremental stability (AFS referred to the proven end-of-
construction situation).

44.3.3 Upstream slope (US) sliding under rapid
drawdown (RDD)

Lowering of reservoir level is critical for upstream slope stability
analysis, The destabilizing action due to the rapid removal of the
confining reservoir water pressure comes about because there is
no time for an equivalent relief of pore water pressures within the
soil mass. Once again, the necessary parameters and hypotheses
concern seepage pore water pressures, transient pore water
pressure increments due to compressibility, and appropriate
strength equations. K

Once again, analyses prove more meaningful when conducted
via incremental factors of safety, AFS, on proven prior
conditions of the slope, at end-of-construction, and under full
reservoir. Damage is far from catastrophic, as failure would
occur immediately after major depletion; thus lower computed
factor of safety values are accepted.

44.3.4 Seepage through embankment and foundation

Inadequate control of seepage through the embankment and its
foundation has been one of the principal sources of failure and of
different degrees of misbehaviour. Indeed, it continues to be the
principal source of troubles, in some cases catastrophic (as was
the failure of the Teton Dam, USA, 1976). To the ordinary
observer the simplest evidence of some degree of malfunction is
the occurrence of perceptible flows appearing downstream. In
fact, however, high uplift pressures, often associated with small
exiting flow, are more dangerous, and cases of high seepage flows
may not, of themselves, constitute a danger to the dam if their
exit conditions, from embankment or foundation, are controlled.

High leakages obviously reflect poor upstream sealing, but
when considered excessive downstream must be judged quite
distinctly, either as affecting safety, or with regard to the
economics of water loss. Seepage control for safety must relieve
uplift pressures, despite increased waler loss by the facilitated
drainage, and must also limit seepage stresses within the mass,
and principally at flow exits (exit gradients). Internal erosion and
piping have been the principal cause of failures, leading to the
development of filter-drainage designs as the single most effective
measure for embankment dam safety. Piping is well evidenced as
the erosion that starts at an exit point and works retrogressively
along the flow path in an accelerating fashion. Internal erosion,
redistributing fines from one zone into adjacent bigger voids,
follows similar physical laws of behaviour, though more difficult
to analyse, and often remains undetected until its bigger
cumulative effect surfaces as upstream sinkholes.

As shown in Figure 44.5, soil mechanics and dam engineering
received a big impulse towards solution of seepage problems

(a) Seepage effects
through embankments

 Filtered
! relief
wells

{b) Typical treatments against foundation seepage

Flownet shows assumed
contact flowline exactly
equivalent to soil continuum

(c) Preferential flowline along
special contacts

{d) Piping through embankment
or foundations

Figure 44.5 Schematic indication of seepage effects through
embankments and their foundations, and typical problems of
preferential path and of piping

through the use of flow nets. It must be emphasized, however,
that the reliance on idealized flow nets may have gone to an
undesirable extreme, and that some adjustments are often
necessary, to correct for oversimplified hypotheses.

One such exception preceded the introduction of flow net
analysis for design, and merits renewed consideration. One refers
to the empirical recommendations- bn ‘creep ratios' for the
preferential boundary flowline of contact between a rigid
concrete block (Figure 44.5¢) and the foundation. Preferential
flowlines (especially when they establish boundary conditions for
flow nets), heterogeneous subsoil conditions, and the very
changes wrought on pore sizes of soils by the seepage effective
stresses, are among the important factors that require
adjustments when basing design computation on routine
simplified flow nets.

In conclusion, the principal parameters to be considered with
regard to the design of embankments against seepage problems
are: ‘

1. Coefficients of permeability, and anisotropy of the
‘impervious’ zones, in order to establish probable flow nets.

2. Full consideration of extreme variations of flow net
conditions around average hypotheses.

3. Careful attention to comparative filtering qualities and
drainage capabilities of the materials into which the flow exits
from the adjacent impervious section.
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4. Careful consideration of erratically critical combinations of
conditions (2) and (3), because eventual development of
piping belongs to the phenomena of extreme-value statistics.

5. Judicious appreciation of changes that might occur, either
gradual or abrupt, due to the very action of seepage or other
phenomena, during the long operative life of the
impoundment.

44.3.5 Deformations and consequences

In the early days of design and construction of embankment
dams it was automatically assumed that they were sufliciently
flexible and plastic to adjust to foundation deformation without
cracking. Thus the routine recommendation was to resorl to
embankment dams whenever foundation conditions were
expected 1o lead to moderate total and differential settlements.
However, several factors that made this assumption valid
initially later suffered gradual changes either invalidating, or at
least qualifying, it. Thus compressibilities, both absolute and
relative, of foundation and embankment materials have called
for special considerations over the past forty years because of the
number of failures and misbehaviour associated with cracking
due to incompatible deformation.

There has been a gradual recognition of the importance of
settlement. In the early days compaction was not heavy and
construction often involved well-moistened soils. If the dams
were of hydraulic fill, or employed ‘puddled cores’ (British
technique) their plastic deformability was quite assured during
‘construction and for a long initial period of operation before
thixotropic brittleness set in. Moreover, early dams were smaller,
and generally selected favourable foundations, avoiding strata of
questionable supporting capacity.

The development of heavy earthmoving and compaction
equipment, and the concern (somewhat misplaced) with regard
to construction pore water pressures, coincided, in the 1940s and
1950s with the promotion of denser compaction on the dry side
of standard compaction optimum water contents. As a
consequence compacted clayey fills became far more rigid than
had been suspected. Simultaneously there were rapid advancesin
the heights of dams constructed, and in the acceptance of less
favourable foundation conditions. A notable increase occurred
in the incidence of visible cracking. This highlighted the problem
of differential settlements that generate cracking. The differences
between the types of cracks that endanger dams (transverse
tension cracks near the tops of dams, and tendencies to hydraulic
fracturing of cores), and innocuous longitudinal cracks and shear
displacement planes at depth which are generally tight, has to be
emphasized.

In summary, parameters of significance for embankment dam
design include compressibility both of foundation and of the
compacted embankment itself. Such behaviour must be
modelled carefully to permit computing the increments of
differential deformation that would generate transverse tensile
cracking across the top 15-20 m of the impervious core of a dam,
especially if such tendencies to tensile stressing are rapid and do
not permit the clayey cores to swell or heal.

Significant differential settlement, both in longitudinal and
transverse direction, may occur within high dams. Such
deformation can give rise to .cracking (Figure 44.6). The
important transverse tensile cracks are related to differential
settlements along the longitudinal direction. Figure 44.6¢
indicates that critical conditions for tensile cracking, as a
function of abutment inclination, tend to occur on slopes of
intermediate steepness because along much steeper slopes the
tendency is for shear displacement to tighten the contact along
the sheared face (shear remoulding generally decreases
permeability). Other critical conditions arise from abrupt

changes of abutment slope, notably where it is concave
downward.

44.4 Construction materials and
methods. Anticipated geotechnical
behaviour

44.4.1 Types of materials and construction methods

Embankment dams have successfully employed the widest
imaginable range of materials, and it is likely that this range will
be further widened. Wherever possible local materials are used,
especially those derived from the necessary excavation on site.
The design of the dams and construction specifications are
adjusted accordingly, rather than seeking specific borrow
materials from greater distances. Such a trend, no doubt, will
increase as the volumes handled, and hauling costs increase.

Moreover, testing and experience widen the range of materials
of acceptable behaviour, even if restricted to special zones within
the cross-section. For instance, soft rocks, and even those subject
to some dissolution, may be used in a central random zone
(Figure 44.7) downstream of a fully intercepting filter drain, that
excludes contact with water. Similarly some basalts that contain
nontronite and disintegrate within a few days, have been
successfully used when protected by a minimum thickness of
about 3-5m of durable rock.

Construction methods in' the past included end-dumped
rockfills and hydraulic fills. Both methods were successful when
used up to heights of the order of 100 m. Dumped rockfills (using
clean sound angular rock) have been virtually abandoned in the
past twenty-five years. except for construction of cofferdams for
river closure. In such conditions end-dumping is used from a
platform only slightly higher than the water level, and the
resultant fills have been satisfactorily used up to heights of more
than 50 m. Any large deformation does not impair the self-
healing behaviour of the suitably graded upstream impervious
soil (as shown in case 7b, Figure 44.1) to adjust to deformation
and in fact to be improved by seepage stresses.

Hydraulic fills involve hydraulic transport of soil-water
mixtures and deposition directly where desired. Originally,
broadly graded clayey-sands were used and selective deposition
of core and shells took place (generally called the American
method). Variations of such techniques are used as the basis for
construction of tailings dams, often resorting to cyclones to
separale the more pervious and stable sandy material from the
slimes.

Such tailings dams (Figure 44.8) are being used to heights of
200 m, comparable with those of the highest compacted fill dams.
But some risk of catastrophic failure has to be recognized under
dynamicloading by earthquakes. This is due to the low density of
the hydraulically deposited sands. As far as conventional dams
are concerned, hydraulic fill construction continues to be used
with success in major dams in Russia, where local conditions
have led to the use of what are termed essentially homogeneous’
fills of fine sands (Figure 44.8).

No further mention will be made of dumped rockfills or
hydraulic fills, attention being concentrated on compacted
materials. In accordance with the dominant functions of the
zones within a compacted earth-rock section, the materials will
be separately considered as:

(i) Core materials.
(ii) Shell materials of rocks or gravels.
(iii) Sand and fine gravel-size filters and transitions.
(iv) Well-graded materials that are presently much debated
regarding conditions of use and acceptability criteria, thus
meriting special consideration.



44/10 Embankments

Exaggerated crest
settlement

Open crack in
rigid cohesive
material, or horizontal
plane relieved of over-
burden stress, inviting
hydraulic fracturing

Open
cracks

Longitudinal section
Plan
view
(A) Cracking normal to dam axis

(@)

Bordalsdammen
(Norway)

150 m

Narrow core, compacted rockfill sections

Geometric similitude and symmetry prevalent in presumed precedents

)

Figure 44.6

Longitudinal
section

Open cracks

Plan view %

Hyttejuvet Dam
(Norway)

Plan view
Jagged

rock abutment

(C) Cracking parallel to dam axis

@ Plan view

(D) Cracking obligue to dam axis

Gentle distortion
e.g. < 1/100 '

Exagger.
settl.

[N

Unfavourable interm. slope, contact shear resist.
higher than stresses: forces tension cracks

Steep contact, shear resist. incapable of
supporting stress obliquities: acceptable,
favours tight shear plane

Hﬁ Recommended reducing
contact shear resist.
consider special coating
similar to piles VS.
dragdown?

(e.g. Bjerrum, 1969)

(c)

Importance of differential deformations for transverse tensile cracking

Rock not subject to disintegration
on exposure to atmospheric conditions

1. Compacted clay core

2. Filter and aggregate transitions
3,3A. Compacted rockfill

4. Random zones, compacted

Figure 44.7 Typical detailed cross-section of zoned earth-rock dam indicating zones of selective materials (see Table 44.2)

4442 Core materials

The main function of the core is to be sufficiently impervious.
Minimum core widths comfortably accepted according to
experience tend to be of the order of 0.25H to 0.5H, where H is
the hydraulic head. Table 44.2 indicates the core widths

employed in some important projects in the world, under
conditions recognized to be unfavourable to narrow cores, which
include the vertical core, high dams, and seismic regions.

l Seepage losses across cores are computed from flow nets, and
are quite small when permeability coefficients are lower than
10~ 7 m/s. With core widths varying between 0.25H and about

S
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Table 44.2 Minimum core widths successfully used in difficult 1.2H (maximum desirable, for avoiding significant interference of
conditions (see Figure 44.7) the core shear strength on the stability of the upstream and
downstream slopes of the dam) seepage gradients and losses vary
Dam Country Height Care-width Year roughly in inverse proportion to the width. Therefore this design
Oraville USA 235m | 0.3H 1968 dimension is of secondary importance for water losses. The
ElIRTenilo Hexieo a5 | GoH 1963 principal contributions to higher seepage losses do not occur
. across a well-constructed core, but across the foundation (most
13 Atgos e Mexico Tegmeyl -2 i Jo7 frequently through the abutments), or are caused by, crucial
Misakubo Japan 105m | 02H 1969 secondary defects that impair the behaviour of the core.
Gepatsch Austria 163 m 0.30H 1966 Traditionally, low permeabilities were automatically
Netzahualcoyotl | Mexico 138m | 04H 1964 associated with fine grained materials and with clayey soils.
=T Switzerand | 166m || 03H 1980 However, theoretical reasoning and expérimentation have
demonstrated that the conventional procedures of predicting
Mextaure S j0t my [0SO H Ui permeabilities from routine identification tests (grain size and
Belmeken Bulgaria 94 m 0.25H plasticity characteristics of the soil) are too indirect and often
Geehi Australia 80 m 0.4 H 1966 lead to surprises. What really matters is the pore size
Outardes Canada 122m | 03H 1968 distribution, which can be well inferred and, il necessary,
e | s %6 m 04H 1968 deten‘pined. Moreover, field experience with _clayey borrqw
— - - materials has shown that, firstly, most such materials (necessarily
Bagilio Budillo LHE SR g 1978 unsaturated so as to be compactable, and thus subject to soil
Miho Japan 95 m 045H suction and micro-cementation above the water table) generally
Chicoasen Mexico 200m | 0.40H 1980 occur as clusters and crumbs, which are misrepresented by the
Srinagarind Theiland 140 m 035 H 1977 conventional tests, of fully dispersed grain size distributions and
st Bermany 86 m 03H fully rernoulde(_i Allerberg‘ limits. Sccond]){. depchmg on the
e T e e type of excavation, spreaglmg 'qnd compaction equipment used,
in modern dam construction with heavy equipment, the lifts are
Binga Philippines | 103m | 0.256H frequently built-up of clay chunks pressed together.
Kenney Canada 97m 0.2H Therefore, for required imperviousness a very wide range of
Kajakai Afghanistan | 100 m 0.4 H material proves perfectly acceptable, from high plasticity
o USA 22m | 02H 1958 residual red clays, through sandy-clays, clayey-sands, to well-
- graded gravel-sand-silt-clay soils (even when the clay-size
Seltevare Becen S R 1568 particles are rock flour material rather than clay minerals).
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Figure 44.9 shows the range of core materials that have given
satisfactory behaviour (see de Mello®).

The best overall identification test for compacted
embankment materials is the compaction test peak point
coordinates (maximum dry density and optimum water content).
High dry density signifies low total volume porosity. Porosity
decreases considerably in well-graded materials (Section 44.4.5)
with a broad range of grain sizes. Moreover, the number of grains
and of pores increases very greatly in soils wherein the
representative grains are smaller. Both conditions yield
exponentially smaller average permeability coefficients which
relate directly to representative pore diameters and areas.

Apart from permeability, the suitability of material for narrow
cores depends very much on important details of construction

heterogeneities. For example, there is the systematic variability
which occurs during placement and compaction. Segregations of
broadly graded materials is discussed in Section 44.4.5. In the
case of finer soils, the most important problem may be the
compaction gradient across the lift, which leads to high
anisotropy (ky/k,> 1), but in addition may lead to collapsible
behaviour and erosion of the bottom sublayer of each lift. The
latter effects are more pronounced the sandier the clayey soil, and
in dry compaction compared with wet compaction (Figure 44.10)
(see de Mello”).

What is more, heavy compaction on wetter near-saturated
soils leads to unfavourable anisotropy with the development of
subhorizontal slickensides, which are particularly serious near
the top of high cores where their healing by reconsolidation is
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_ precluded. They become more susceptible to hydraulic fracturing
by reservoir pressure, if there is any tendency for core hang-up by
less compressible contiguous filter-transitions and shells.

Experience suggests that clayey soils, say of standard Proctor
optimum water content higher than about 15%, cannot absorb
higher compaction energies. Therefore construction specifica-
tions referred to the Modified Proctor test should be avoided.

The second phase of behaviour of consequence involves
compressibility settlement by construction period overburden
loading. It is important to aim at the compacted core material
being slightly less compressible than the contiguous materials, so
that differential settlements may only lead to slight excess
loading of the core by negative skin friction, and not the contrary
(core hang-up). Thus design and specifications aim at materials
and conditions that do not suffer retarded settlement, which
would affect behaviour during and after reservoir filling. For
minimizing core compressibility, preference falls on materials
containing coarse fractions.

For the final phase of behaviour of the core, special attention is
drawn to its upper part when subjected to reservoir water
pressures and seepage stresses. There are risks of cracking if there
has been an unfavourable redistribution of stresses, and the rate
of rise of reservoir near the top is rapid (more than 150 to 300 mm
per day). One view has been to minimize the tendency to
cracking by use of plastic CH (that is, clay of high compressibility
(plasticity)) materials, compacted in more flexible, plastic
conditions, giving slightly higher per cent strains up to failure by
tensile cracking. To this end, high plasticity index soils
compacted wet of optimum have been favoured. Such preference
for CH materials finds further support in the expected higher
short-term erosion resistance and sealing of cracks by swelling,
given time enough.

Professional practice has unquestioningly adopted this line of
thinking. However, in prototype reality, within the domain of
extreme value statistics that controls tensile failures, any weaker
spot is sufficient to invalidate the idealized theoretical
considerations and laboratory investigations. Using a material
which is more cohesive means that tensile cracks tend to remain
open to greater depths.

An alternative, and opposing. concept is based on accepting
that tensile stresses and possible cracking are inevitable, and to
limit the depth of open cracking while favouring tendencies of
self-healing by erosion and clogging. As a consequence slightly
clayey sands and clayey silts would be preferred to tough high
plasticity index clays which sustain deeper open cracks.
Moreover, for improved erosion and self-healing, materials with
more broadly graded grain size are preferred. It must be noted,
however, that the self-healing function is principally achieved by
erodibility of an upstream cohesionless broadly graded
transition, effectively retained by downstream filters.

Detailed considerations regarding cracking, erodibility, and
self-healing of cores are among the principal debatable points in
the present practice of embankment dam engineering. As a start,
however, the good behaviour of a core lies in the relative
compressibilities of the compacted zones of the embankment.
Thus attention must be concentrated first on the compressibility,
permeability, and shear strength of typical core materials.

The most fruitful model for interpreting the behaviour of
compacted clayey soils is to liken compaction to compressing to
a certain preconsolidation pressure, ¢’p. Such a preconsolidation
pressure should be directly related to the per cent compaction,
PC%, and, presumably, within the narrow ranges of PC% in
which a given project works. Beyond the a’p value, the nominal
virgin compression index, C., would be essentially constant. This
concept is illustrated in Figure 44.11, which also indicates that
efficient compaction should be related to the energy absorption
of the hysteresis between compression and decompression.
Particle rearrangements in clays and crushed point contacts in
sound uniform angular rockfills provide the most salient
hysteresis of precompression.

Compressibilities of compacted core materials

The attempt to relate embankment behaviour to soil types as
reflected in Atterberg limits has generally led to very pessimistic
predictions of compressibilities and settlements. In comparison
with the generally tenable simplified correlation of C.=/f(LL) for
clays (see Terzaghi and Peck®), Figure 44.12a would indicate that
for borrow materials of LL>409%, there is:

1. A significantly lower virgin compressibility of compacted

specimens.
2. A patently smaller compressibility of undisturbed block
samples from the embankments in comparison with

laboratory moulded specimens.

Laboratory tests are indispensable for design. Nonetheless,
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coefficients of adjustment must be used to correct laboratory test
parameters in order to reflect field test parameters, and even Lo
correct the latter to reflect prototype reality. This point needs
emphasizing since the remarkable advances in laboratory testing
in the past thirty years have insinuated that the test data may be
used directly as valid.

For preliminary estimates, Figures 44.12a and b furnish
proposed correlations of compressibility parameters from
oedometer tests using undisturbed block samples, with index
tests. Such empirical correlations were obtained from tests on
unsaturated iropically weathered soils, both saprolites and
laterites, as well as some aged sediments. Prudence should be
adopted in extending their use beyond this range of experience.

In short, for the nominal virgin compression index, better
statistical correlations are obtained with respect to maximum
dry density, pdmax, derived from the standard Proctor
compaction test than with regard to the liquid limit, even in very
clayey soils. The final regression equation, C.=0.23
(2.55—74max), Obtained, after adjusting all the test data to an
average value of 2.67 for the relative density (specific gravity) of
the soil grains, seems most appropriate both in its form and the

- coeflicients obtained, since there is a direct association with
porosity (see de Mello”).

In cases such as that of compressibility settlements of porous
granular material, individual results from small specimens reflect
a much wider scatter, largely pertaining to the tests themselves,
than obtains in larger masses of the prototype, wherein internally
redistributed behaviour enforces the averaging effect. Average
parameters may be used in conjunction with chosen confidence
bands around the average (Figure 44.3). It is important to
distinguish between confidence bands on single values and the
narrower confidence bands on averages. In the present case it is
the confidence bands on averages that apply. However, since
there subsequently will be a major coefficient of adjustment
between laboratory test-predicted settlements and prototype
observations, it is preferable to employ the average equation, for
systematic collation of the pertinent experience.

Two points merit emphasis. Firstly, best fit regressions of any
broader spectrum of data must be based on some theoretical
modelling in order to reach meaningful results. Secondly, for
adequate design prediction the.engineer must aim at an optimum
point of judicious decision between too much credence given 1o &

specific test result, and too much reliance on ‘generalized
experience’. The latter serves best for ‘educated guesses’, for
feasibility estimates, or for questioning the validity of apparently
unusual  individual results. However, too sweeping a
generalization loses practical interest to the engineer facing a
given project, since the broad band of the correlation would
permit estimates varying more than ten-fold for a given porosity.
As an example of a very broad generalization of volumetric
compressibility Figure 44.13 is reproduced, as proposed by
Janbu® for all mineral grains in a two-phase porous structure.

The data on compacted specimens as per Figure 44.12b are
superposed. showing for clayey materials a behaviour somewhat
more incompressible than anticipated, and the opposite In
sandier materials. The latter result may be attributed to
sampling, trimming and testing errors in more brittle specimens.
Trends such as those illustrated in Figure 44.13 are very useful to
indicate the quantitative reduction of volumetric compressibility
of a clayey soil when some gravel sizes are incorporated, thereby
reducing average porosity. The The important proviso is that the
percentage of gravel should not exceed about 309, so that the
matrix continues to be of clayey soil, fully enveloping the
interspersed gravel.

For eafimating the compaction preconsolidation pressures,
o'p, associated with different per cent compaction, PCY;, the
same oedometer tests have permitted the establishment of some
statistical regressions such as shown in Figure 44.14. Since the
capacity 1o retain precompression stresses depends on suction, it
is necessary to separate the materials into groups of differing clay
contents, as reflected by the 74 max values. Figure 44.14a shows
for clayey materials (ygmax<1.5 t/m?) and all data (specimens
both moulded and trimmed from undisturbed blocks) a
reasonable regression equation, PC%=94.38+ 643loga'p
(kg/cm?). Both the confidence bands on averages and on
individual points are shown. The results appear reasonable,
indicating a ¢’p value ofabout 4 kg/em? (400 kN/m?) for the 98 %;
PC (standard Proctor) compatible with tyre pressures of heavy
rollers.

Figure 44.14b shows an important difference  between
laboratory moulded tests and undisturbed block tests, the latter
indicating perceptibly higher o’p values for a given PC. On
repeating the regression analyses under different assumptions for
the expansion index C,, on stress release, and possibly reduced
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compression indices, Cq, associated with increasing PC and a'p.
it was concluded that the basic trends and estimated numerical
values are not perceptibly affected.

Finally, despite there being insufficient data to establish a
reliable correlation, Figure 44.14c shows a rough trend for
somewhat sandier materials, 1.5<7qmax<1.7 t/m?, and for the
most sandy, ¥4 max > 1.7 t/m*. -

44.4.2.2 Shear strength and permeability of compacted core
materials

Historically compaction was considered as producing a
homogeneous material of improved quality.. Thus research
investigations on stress-deformation and strength characteristics
of compacted clays were programmed considering all specimens

equivalent, defined by a constant initial density. The same
reasoning dictated interpretation of parameters (c, e N
r,)* as constant or linearly varying.

As a result of the model of a compacted material as
preconsolidated, both the shear strength envelope and the
permeability coefficient must be carefully reexamined in
extrapolating from low-to-medium dams to really high dams.
Within the precompressed range the drained strength equation
includes a ¢’ value dependent on the PC. Also, construction
period pore water pressures are negative or negligible in the more
clayey materials, at least up to overburden pressures close to the

* ¢=cohesion; ¢ =angle of shearing resistance (primes indicate
effective conditions); E=Young's modulus; r,=pore pressure ratio
(pore water pressure/unit weight of overburden)
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compaction preconsolidation, unless the soil is near saturated
and compacted quite wet of the optimum.

Finally, there is a significant permeability gradient with
pressure, due to consolidation, which has been consistently
recognized in soil mechanics. Such consolidation and reduction
of permeability will become more accentuated above the
compaction preconsolidation pressure. The interference of such
a factor on flow nets for dams appears to have been generally
neglected prior to 1977 (see de Mello!) probably because of the
assumed model of homogeneity.

A material constructed in a homogeneous condition but
subjected to different stiesses cannot remain homogeneous. The
minimum permeability cradient in virgin compression that
appears justifiable correz ponds to somewhere between a 1.0 and
1.5log cycle decrease of permeability for one log cycle of pressure
increase. This has been interpreted as at least a one-hundred-fold
variation in permeability from top to bottom on an idealized
100 m high dam cross-section studied for optimizations and

comparisons (sce de Mello']. Figure 44.15 summarizes the
principal indications on shear strength. permeability, and
compressibility pore water pressures thal are applicable to
unsaturated clayey compacted materials.

44.4.3 Shell materials of rockfill and gravels

For the case of compacted rockfill, some of the principal points
that have required revision of the original models regarding their
nature are:

1. The layered heterogeneity, lift by lift, of the compacted
rockfill.

2. The differentiation between compaction interlocking,
crushing and compaction of the lift, and subsequent
compression under overburden loading of the same lift.

3. The lack of analogy between compression observations in
field compaction tests and in the construction period
settlements.

4. The evidence that rockfill compaction also induces
precompression effects, similar to the nominal preconsolida-
tion pressures in compacted clayey fills.

In short, compaction of rockfills arose exclusively because of
concern about deformation, but the concomitant benefits on
strength and stability have not been adequately capitalized until
recently.

Observations have clearly established that sound uniform
angular quarried rock shells can be as compressible as the
compacted clay core. It is only in broadly graded ‘dirty’ rockfill,
in which point contacts are infinitely more numerous, so that
high crushing stresses are not reached, that rockfills exhibit very
low compressibility. Once again, the association with porosity
and compaction precompression seems vindicated.

In comparing compressibilities of clean sound rockfill shells
with those of alluvial or glacial gravels it is not surprising that the
Jatter should be very much less compressible (exhibiting nominal
elasticity moduli of the order of 5 to 10 times higher). Figure
44.17 illustrates comparative magnitudes.

There are a number of reasons why rockfill is more |
compressible. Firstly, a cobble or gravel particle represents the
toughest central core of a rock fragment, after all its weaknesses
have been removed by surface attrition. Secondly, because of
their rounded shape most particle-to-particle contacts are not
point contacts, but contacts across moderate areas; and any
minor deformation, by compression or crushing, causes a very
rapid rate of increase of contact area with deformation. Finally,
both because of smaller sizes and because of typical grain size
distributions  (well-graded and ideally concave upward
cumulative curve, for minimal porosity), the number of solid
contacts is so high that average stresses across them do not reach
disproportionate ratios relative to overburden average stresses,
as is the case with angular point contacts. Concomitantly,
however. the load-unload hysteresis is minimal (as it is in sands)
and the precompression effect is difficult to detect,

Both in rockfills and in highly incompressible gravels it must
be noted that the use of dry density (or porosity) for an index of
satisfactory compaction, in construction specifications, is far
from adequate. A minute compression that fully absorbs
compressibility up to the applied pressure will not cause any
change of dry density, in-comparison with the major dispersions
that accompany changes of grain size distribution within the
sample.

The permeabilities of gravels and rockfill need not be
discussed. They are generally recognized as free-draining. In the
case of well-graded materials (Section 44.4.5) the question merits
closer examination.

The question of stability of rockfill slopes suffered greatly, in
the period 1960-75 as a result of the oversimplified model of
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conventional soil mechanics that considered rockfill as uniform,
and rock fragments as analogous 1o large grains of sand. Early
rockfill construction with dumped rock, and acceptance
essentially of angles of repose, employed slopes generally steeper
than subsequently began to be considered necessary in
compacted rockfills. Yet there is no record of instability of such
slopes. Such sound evidence of field performance suggests the
need for re-examination of current routines relating to stability of
rockfill slopes and factors of safety. Figure 44.18 summarizes
some data on representative well-proven external slopes of
rockfill dams.

The following discussion, connected with crushability and
precompression hysteresis, applies in decreasing degrees to
rockfills of softer rock and to broadly graded ‘dirty rocks’, and
least so in the case of cobbles and gravels.

The principal factor for assessment of stability of compacted
rockfill slopes is the strength envelope, which in the period
1960-75 was extensively investigated by large-scale triaxial tests.
One direct consequence of crushing was the more noticeable
curvature of the strength envelopes. Since this could be the only
factor capable of contributing to somewhat deeper sliding
surfaces (assuming sound rock foundations) a reference study

collated data available up to the end of 1976. Figure 44.19

summarizes the information gathered.

compaction, PC

Two points must be made. Firstly, thatitis doubtful that rock-
fragment interlocking and contact crushing during compaction
such as occurs in the field could be reasonably imitated in the
laboratory. It has been suggested that even minute differences in
such factors may be of appreciable significance (at low stresses).
Figure 44.20 illustrates a method used in Spain (sce Salas'?) to
test a compacted rockfill to failure by jacking in passive pressure
conditions. The figure also shows a similar test which employs
anchors to load a horizontal plate, thereby causing a sliding
failure in the active condition. The latter could better represent a
failure of an existing slope.

As regards large-scale triaxial tests, Figure 44.18 provides an
indication of the hysteresis benefits that would be expected
(analogous to anisotropically consolidated preconsolidated
clays) if some tests had been run imposing a failure by decrease of
lateral stress. ‘

44.4.4 Filter transition materials

The physical phenomena leading to localized concentrations of
seepage stresses (analogous to stresses around a cavity), and
Jocalized internal erosion of particles to form contiguous voids
are the result of a combination of situations subject to
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probabilities of occurrence under extreme value statistics. Some
of these situations rapidly degenerate leading to piping failure.
As has been emphasized, if there is any possibility of the
occurrence of extreme value phenomena, the physical design
choice must obviate it prior to optimization by flow nets and the
application of other calculations incorporating average
behaviours.

The most used and most quoted design criterion for filters is
still that of Bertram-Terzaghi, which was based on tests run in
1941 (see Bertram''). The criterion comprises two parts:

D, filter> 5D, 5 base

The permeability criterion,
D, filter <5 Dy base.

The filtering criterion,

The principle of filtering action is to prevent the movement of
particles of the soil through the voids of the filter. It is therefore
directly concerned with the particle sizes of the base material and
void sizes of the filter.

Many research programmes have aimed at improving the
original criteria. They have shed light on parameters of
importance not incorporated in the erstwhile recommenda-

Pd max

(c) curve

Cel

2

log o'p Figure 44.14 (continued)

tions, but in general have not systematically improved the
confidence of theoreticians in the analytical understanding of the
physical factors at play, and their deterministic and probabilistic
facets of quantification. In practice one finds that the Bertram—
Terzaghi filter criteria, originally developed for relatively
uniform sands, continue to be used in the vast majority of cases,
even when representing an extrapolation of the original
conceptual and empirical bases to the point of constituting
evident misuse. It is important to discuss the questions as
thoroughly as possible, since piping problems continue to plague
many projects, even those of very great importance.

Four separate avenues may be discussed from the outset.
Firstly, there is a gross conceptual error in referring to median
sizes, Do, in any frequency distribution curve, be it of grains or
of pores. Thus, despite the meticulous tests by Karpoff*? from
which the USBR (United States Bureau of Reclamation)'?
criteria developed, the fact that they concentrated on ratios of
median diameters suggests that they should be questioned. Many
soils may have the same D 5, but widely different ranges of grain
and pore sizes depending on the coefficient of uniformity (U=
Dgo/D, ) of the distribution curve.



Construction materials and methods Anticipated geotechnical behaviour 44/19

-5 _ = o
10 g IECE PC = 100% ¢ = 32
Resulting 105% ¢ = 34 PC = 95% ¢ = 30°
k =+/k,.kp, for dam
g il Vhvhn (@) Historical mental
Geometric variation lk fcmZ) model of compaction
ofk,o 9 effect
1076 |- Fi - o
5
= . (b)
E 4 Universe |1 | Universe |
= i | ¢ =30° Envelope used
I Lllnwerse I ! for routine com-
107 L parative stability
oL | & //’ 9¢ analyses
e 7 o Ly (After Bishop, 1966
Arithmetic 1L 1.2 ///S ® Conchas Dike Clay
variation - - @ (After Casagrande et al, 1962)
of k,0 “ 1 | I | 1 1
10-8 ! i L ICEE T —
cm
0.1 10 5 (kgfem?) 1© 100 i
Change of permeability with consolidation
4 max,.Y med olo.% | 10| 20| 30| so| 70
2 Ymin OCR 0| 5| 33| 2| 1.4
1 Regression M (field) U= 0.3420-0.586 S/S¢p % 237|200 | 173 | 139 | 116 o
“—= Salto Osorio Dam . r =0.885 % 165 | 151 | 140 | 113 | 108 ﬂ
0 fl L(DE Mello 1973) =51 2 i
S 8 10 o > 4 kg/cm

0=7.X tkglcmz)

Figure 44.15 Data on

b T Top crushed
by tractor, etc
Spread
lift
X 100
[
90
80
SY=F
X 70
ﬂ\ Foz do Areia data & 60
Y. 50
7
24| 45°
. pras 40
. G
- = o ok 30
% 7
E 22 . ”
= s 20
8 -
Q - 10
20} // %
v
~ 0
/
Ve
1.8 I | | -
2.0 2.2 2.4
3
(a) P base (t/m=)

Figure 44.16 Comparative density top-base on rockfill lifts

behaviour of compacted clayey materials used for illustrative optimizations (de Melio’)

Salto Santiago data

100

Diameter (mm)

(b)



44/20 Embankments

Oedometer % straine = Ae /1 +e  E kag/em?
= {kgkma, Compression Recompr.
0.1 1 10 100 0 3!3 ~4.0 :‘9 ~ 10.0[4.0 — 200{0.5 - 10.0
'cm
1.4 I Salto Osorio ’ 2 e Db
i 83 < LL <91% | E ull E
e o - e € (%) e(%)| E |e(%)| E
1.3 W__. =239.5%
opt ~— " e
R 303|120
1.2 / ————————————— ———}—-t3.79| 160
e N i, i e o S R —18.01| 210
1.1 - Salto Santiago
70 < LL <75% Sl A, e e i s
1ol 26< PL<B0% . e b N —2.47| 141 i i
b Wumz 33% Reference 3.69| 163 8761 183
5 4
0.9} Po max=1.43 t/m? E = 100 kg/cm? ’E’= 1000 kg/em” —|0.78] 450 Gl s
S ogle  RD = 49%
g RD = 55% =
0.7 (After McNulty 1965) Se 5800
D =0.16 mm Nu = 135 gp =90% T
0.6
7000
05
Oroville
gal- (After Gordon and
! Wulff 1964) L L e NU =2625 <4 —12.41| 150
————— 2.11 (280
03 L — {4
211900}y 53|60
02t i
N —EB70 _ 1. 340 |1.19] 800
0.1 NU=1016 —

o (kg / cm?)

Dio= 0.025 mm
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Secondly, the suggestion of running nominal piping tests at
each project should be regarded as somewhat risky and
misguided. Laboratory tests are indispensable to comprehend
and formulate scientific criteria, but design conditions must
cover situations beyond those synthesized in the laboratory and
presumed representative at a given project. What combination of
conditions of base soils and adjacent filters will cover the wide
dispersion possible in a project involving thousands of square
metres of base-filter interface? How do these interface conditions
change due to stress-strain adjustments in the embankment
during construction and asa result of reservoir seepage? Will the
tests be conducted with seepage stresses causing compression or
tension, and to what degree? What conditions of obliquity of
seepage stresses versus overburden stresses will be investigated?
What limiting gradients will be considered representative? It is
unreasonable to visualize adequate conditions for experimenta-
tion of such complexity in each project, even when major.

Thirdly, one might set aside the thought of separate testing of
cohesive soils. The cohesion parameter is merely one of the two
shear resistance parameters in the equation s=¢'+¢' tan ¢', and
the resistance to erosion is a shear resistance. A cohesive material
is obviously more resistant {o erosion, while the cohesion i
persists. However, ¢’ varies significantly with variations of ¢’ and
under unfavourable conditions of ¢’ — 0 or — ve (going to tensile
conditions), the cohesion may be totally removed with time. The
fact is that the secondary effects of the seepage stresses on ¢’ have
been omitted in discussions of cohesionless filters. When such
theorization advances, it will be possible to consider the
advantages of cohesive materials whenever o' suffers moderate
compressive increases due to the seepage gradient itself.

Finally. it seems inappropriate to establish filter criteria based
on coefficients of permeability. Determinations of permeability
coefficients intrinsically mask any localized preferential
conditions, either of a single macropore compared with multiple
smaller pores, or of a single seepage path sho rtened by a crack as
compared with the average thickness of specimen, used for
computing average gradients. It is an approach totally
dependent on averages, and could not be appropriate for extreme
value conditions.

In the Bertram-Terzaghi criteria, there are many points of
indisputable validity in concept, and the points wherein
improvements are needed become clear. Terzaghi evidently
limited his considerations to continuous distribution curves,
both of base material and of filter. Criteria for confirming the
indispensable conditions of continuity are discussed 1n Section
444.5. }

In any f[requency distribution curve one should avoid
discussing the tail ends, and therefore the finer sizes have been
intuitively included as D, , or D, 4 sizes while the larger sizes are
generally included as Dy sizes. Note that these percentiles
should be judiciously adjusted in accordance with the presumed
nature of the deposits. The intent is to represent the finer and
coarser sizes of significance, pertaining to the continuum, and
not those of spurious occurrences. Thus, if self-filtering action 1s
assumed within the base material grain sizes, it should be
sufficient to retain the Dgy of the base.

After decades of professional use the following simple criterion
was proposed (see de Mello’#) for checking on the self-filtering
action of a material. This was prompted by the problems faced in
gap-graded open work piedmont gravels of a very major dam,
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and in glacial till materials subjected to construction segregation.
Any grain size distribution curve can be subdivided into two (or
more) curves, of finer and coarser fractions, and the filter criteria
can be employed to check if the latter serves as a filter to the
former (Figure 44.21). In truth such a criterion is very
conservative because generally the intergranular structure of the
composite material is denser than that of each fraction.

In order 1o retain the Dy base grains the filter should possess a
slightly smaller Dy pore size. In the early 1940s there were no

data on pore sizes, and therefore intuition led to specifying the

limiting grain size (D, 5) of the filter. In uniform materials of 1<
U < 5it has been established that pore sizes are of the order of 1/5
to 1/10 of the grain sizes. If such a relation isadopted as constant,
it is feasible to specify grain sizes to signify corresponding pore
sizes. The two bounds of the filter criterion are clearly established
for the following:

1. D,s filter>5D;5 base as a permeability criterion, to
guarantee adequate relative permeabilities. Hazen’s
empirical relationship k=100 D, (see Taylor'®) indicates
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that this criterion would guarantee filter permeabilities of the
order of twenty-five times the base permeability. Therefore,
by continuity of flow, the gradient (that is, erosive stress)
within the filter would be 4% of the gradient in the base.
Thus, if erosive instability arises in the base material the filter
would have an average factor of safety, FS>25 against the
start of a similar phenomenon within itself. A good filter must
needs be a good drain.

2. Dy, filter<Dys base for a presumed stereometric filtering
criterion. Intuition cannot justify this criterion. Assuming
perfect self-filtering within the continuous base grain size one

* is forced into accepting Dy base as a reference, and to refer it
to D,  filter grains. But if any probability of segregations is
feared, by intuition one should consider the risky pores as
those based on occasional clusters of Dgs grains and
neighbours, and the grains most subject to washing through
as the D, 5 base and neighbours.

Doubtless there must be some washing through of fines in the use
of conventional Bertram-Terzaghi criteria, if one considers

Hydraulic
jacks

merely stercometric hindrance. The crux of the problem lies in
analysing the seepage stresses at play and their consequences.
especially towards progressive aggravation. Since a seepage
gradient is an effective stress acting on the soil mass traversed. it
must produce consequent strains (volume changes of the pores).
Therefore compression conditions are definitely favourable in
comparison with those causing expansion. Also, with the start of
washing through, and concomitant deposition of fines in the
filter, there are changes in the relative permeabilities. But it is in
the base material that arching resistance to continued washing
out must be generated to cause a stagnation of the phenomenon.
Within the filter. the fines washed in will be difficult 1o stabilize.

In short, in analysing filter criteria and piping phenomena it is
necessary to consider more than grain and pore sizes, and to
include secondary redistributions of stresses and permeabilities.
All such effects have greater probabilities of erratic occurrence in
well-graded materials, and are discussed in Section 44.4.5.

In the design of filter drain features it is important o -
dimension the drains with an ample factor of safety to avoid
developing hydraulic heads that might impair either the
downstream slope stability or the erosion-free drainage within
the filters themselves, even under local exceptional seepages. The
drains themselves are analysed by flow nets, and some designs
require sandwich drains of successive filters for increased flow
capacity.

As regards deformability, it has been noted that uniform sands
and gravel or crushed aggregate successive filters exhibit much
higher nominal moduli of elasticity than either core or shell
materials. Thus, subvertical filter drains in earth core dams have
been responsible for some notable cases of hang-up of the core.
The present tendency is to minimize compaction of such
elements; light vibratory pads and copious watering for
downward seepage are methods of treatment used to avoid
honeycombs. Despite the trend in the right direction it is difficult
to achieve a sufficient increase of compressibility to match the
settlement of contiguous zones without design expedients on the
zoning itsell.

1t should be noted in passing that grain shapes also exert some
influence. For instance, crushed rock filters give roughly 30 to
509, higher porosities and definitely higher compressibilities
than subrounded gravels of equivalent diameters.

44.4.5 Well-graded materials of wide range of grain
sizes
Well-graded materials ranging from cobbles or gravels to silt and
clay sizes have been considered among the best materials for dam .
construction. With minor adjustments, such as scalping of
cobble sizes for the core or washing of the fines for shells, they
have been sought as ideal materials for both. Recently, however,
they have been recognized as very sensitive to radical variations
in behaviour as far as permeabilities and internal erodibility are
concerned.

It is unnecessary to discuss compressibility and shear strength
parameters, both of which are very favourable, as can be seen
from the very high densities of the compacted materials. In fact,

i 7
|1
- == N
= 2 B A R Figure 44.20 Used and proposed field test
¥ ¥ ¥ 3 Anchors for methods for compacted coarse granular

loading materials
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in a few cases problems of clayey core hang-up have been directly
attributed to the very high nominal elasticity modulus of the
shells. Essentially similar considerations apply to well graded
materials from glacial and colluvial gravel-sand—clay deposits
and from partly weathered crushable rocks. In the -latter,
however, the deformability tends to increase somewhat when
crushing of fragments occurs.

In such materials with high coefficients of uniformity, U (for
example, of the order of 300 to 800) there 1s a significant increase
in compacted density and obvious decrease of porosity.
Moreover the number of grains, and therefore of pores, increases
exponentially. Thus the reduction of individual pore sizes is
much greater. Hence with their low permeabilities they serve as
core materials and even develop construction pore water
pressures. Moreover, with the fines removed by washing (e.g. the
minus #4 sieve) they have been considered as ‘gravels’, and
{herefore presumed pervious. As the principal reduction of

porosity is by exclusion of the larger pores, it appears that there °

compared with gap-grading

should be clear preference for materials of high coefficient of
uniformity for filtering action of filters and transitions.

Two crucial provisos must be judged as the source of the
serious problems that have occurred in many projects. First, it is
assumed that there is no grain size segregation in construction
activities. There are no published data on tests on grain size
segregations, but it is clear that with any materials of U>50
(estimated) the tendencies to segregation can be great, the larger
gravels and cobbles accumulating along the end of the spread lift.
Such accumulation is not random statistical, but clearly
deterministic, in a manner analogous to that of ‘natural selection’
by a systematic construction procedure. This is especially
dangerous since construction specifications indicate preference
for spreading and compacting parallel to the axis of a dam, and
therefore preferential flow lines will be directly upstream—
downstream, subhorizontal.

The second point concerns what may be called a ‘continuity of
dense packing’ of all the fractions. This is generally favoured by
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Figure 44.22 Schematic analysis of uniformity of packing of separate grainsize fractions

concave upwards grain size distribution curves, similar to those
of optimized packing of aggregates for concrete. The second
important type of segregation that can occur, and escapes the
notice of inspection tests, concerns differentiated densities of
fractions. Figure 44.22 illustrates the point. There are no
published tests on such density segregation conditions, but they
are known to occur often. They concern per cent compaction
densities in the case where a finer fraction is insufficient to
densely fill the voids of the respective coarser fraction.

If this occurs, essentially none of the overburden effective stress
is transmitted to the fines which loosely fill the voids of the
coarser less compressible structure. Such fines under no effective
overburden stress and subjected to seepage stresses are very
easily eroded out of the voids, leading to piping. Gravels with
fines, with wide total range of grain sizes and discontinuous
grading are very sensitive to differences, because they are very

incompressible. Thus very small changes in densities of the void
fillings are reflected in major changes in their behaviour under
overburden and seepage stresses.

44.5 Optimization of the subvertical
filter drainage fully intercepting feature
that dominates dam design

For elucidation of the widest range of possible instability
analyses, the most appropriate embankment dam to consider is
the so-called homogeneous section with chimney filter. In order
to illustrate the optimization on the dam superstructure, five
alternative positions of the filter drain chimney were chosen (see
de Mello?), with routine flow net assumptions (Figure 44.23).
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The fully efficient filter drain (phreatic boundary) is a nearly
attainable condition, though extreme and favourable. The most
frequent assumption regarding the foundation is that it is
completely impermeable which represents a conservative case.
Its pore waler pressures are designated ujp,. Moreover, a
frequently possible very unfavourable foundation condition can
be represented in first-order approximation by an open
horizontal crack under the upstream zone of the dam, as
indicated at the base of Figure 44.23. In many competent rocks
(e.g. sheeted granites, basalt flows, etc.) such cracks are a
frequent feature, and over a large part of the upstream
foundation it is reasonable to anticipate that unevenly
distributed vertical effective stresses may not cOmpress such
cracks sufficiently for them to become impervious. Obviously an
open crack should be effectively sealed by grouting (DP1). It is
assumed that the crack is grouted for a minimum length of 0.3H
upstream from the chimney filter, and at least as far as the dam
axis for cases of the chimney filter inclined downstream. A typical
flow net, is shown for the vertical chimney. The pore water
pressures involved are designated as ucy.

First-order comparative merits of the different positions of
chimney filter may be assessed by highly simplified hypotheses of
stability wedges. The crude simplicity of the physical models and
statics does not alter the comparative conclusions. Absolute
priority must be given to minimization of destabilizing features
of the reservoir soft load on the downstream wedge. A second
criterion of preference may be established with regard to
minimizing the change of conditions (or pore water pressures)
from end-of-construction to full reservoir.

The destabilizing soft load due to reservoir filling may be
considered as the sum of the horizontal pore water pressure
thrust, uy, at the back of the wedge (Figure 44.24) plus the
component u, tan ¢ which the vertical pore water pressurc
thrust, u,, applies unfavourably. Meanwhile, the stability of a
downstream wedge of weight, W, is related to the component
W ian ¢. The relative destabilizing potentiality in the different
cases may be reflected through an index C = (up +uy tan @)/
W tan ¢. Preference for a design section is established not only
through comparison of the indices, C, for different chimney

positions, but also on the basis of the comparison of the range of
uncertainty affecting such values for the different chimney
positions, depending on the variations possible in the total
thrusts uy and uy. Of course, the greater the proportional
dependence of the downstream stability on the reservoir pore
water pressure thrusts, the greater the range of uncertainty
(which would signify a poor design choice, at least requiring
increased FS values in design calculations).

Figure 44.24 summarizes the computed indices, C, for
hypothetical sliding wedges of vertical back AA along the dam
axis. The indications strongly favour inclining the chimney at
Jeast 1:0.5 upstream. Extended calculations with different
locations for the line AA confirm such a design preference, with
regard to downstream stability, and certainty thereof
(substantially independent of the flow net assumed).

In Figure 44.24 the same simplified model is used to indicate
the comparative ranges of change of conditions of pore water
pressure thrusts on first reservoir filling. For mere illustration
two hypothetical construction period pore waler pressure
coelficients were used. Once again the preference for upstream
inclined chimneys is demonstrated.

Since a downstream failure under full reservoir must, in design,
be rendered really impossible, the validity of the preference must
be confirmed under as many models of hypothetical failure as
possible. The additional model of Figure 44.25 was visualized as
an example. The possible sliding wedges were assu med separated
by the chimney filter and horizontal drainage blanket. The
upstream pore water pressure thrusts were taken along a
hypothetical plane 5m upstream of the chimney. Foundation
uplift was excluded, in view of the purely comparative analysis.
The physical model is closely akin to the limiting case of rockfill
dams (i.e. fully drained downstream masses) with upstream
impervious membranes (upstream-deck dams).

The computed indices, C, clearly repeat the indications in
favour of upstream inclined wedges. Special attention is also
drawn to the tabulation at the bottom of the graph. It should be
noted that in routine uses of flow nets, a small percentage (4 to
89) of the total hydrostatic thrust survives to be transmitted to
the final 5m behind the filter, no matter what flow net is
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assumed. The automatic assumption of gradual loss of head in
accordance with flow nets must be questioned first.

On recalling the preoccupations of the past score of years with
regard to cracking and pervious discontinuities, one further
notes that, especially under transient conditions of very rapid
reservoir filling, the ratios of apparent impermeability tend to be
accentuated, fostering membrane-type behaviour. The
disproportionate uncertainties regarding magnitudes of the
important soft load, timp 10 thyd, impose a design choice whereby
the direction of such a load is the initial guarantee that its
‘magnitude is immaterial. With interceptors inclined upstream, it
is practically immaterial 1o downstream stability whether the

interceptor is a drain or a seal.

Figure 44.25 Optimizations of chimney position
using another simple stability model (de Mello")

As a final illustration, reaching similar conclusions, the sliding
circle model was used, as indicated in Figure 44.26. After the
priority optimization with regard to catastrophic mass
downstream instability, under Design Principle 4 (DS4), further
optimization on satisfactory operational behaviour  of
consequence (to DS) seeks to minimize the important change of
conditions in moving from the well controlled end of
construction (EC) situation, to the full reservoir condition on
first filling. Analyses conducted on many possible failure circles
confirm the indication of the single analysis shown, purposely
made deep for most salient effects. Once again, the important
driving influence subject to change is the pore water pressure
thrust, u. Simple indices for evaluating optimizations are defined
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in the figure, namely, the driving influence index, D%, and the
index of change of conditions, M %. Construction period pore
water pressures were considered only for the upstream zone,
because downstream of the chimney expedients are available
under DP2, DP3 and DPS for controlling them at will.
Moreover, they suffer no change on reservoir filling, and only
change favourably by dissipation with time.

The biggest change of D occurs if a low end of construction
pore water pressure (ECu) is followed by extreme hydrostatic
reservoir loading (cracks). Such a major possible change index,
M,, reflects the worst risk of failure. At the other end lies the
possible condition of change index, M ,, corresponding to a high
ECu followed by average flow net conditions typ. If a design is
dictated by the condition of high ECu (and negative value of M ,)
an uneconomical condition prevails, because flatter slopes will
have been required merely because of a transitory instability. The
maximum range of uncertainty is represented by the span
between the two limits of M. Figure 4.26c clearly shows that the
chimney interceptor should not be inclined downstream.

Concomitant studies have demonstrated that for rapid

dient, HET against HOM case, on flow net pore pressures in US mass, full reservoir and drawdown

drawdown flow nets, the chimney filter inclined upstream also
favours this slope under its critical stability condition. Obviously
these benefits to both upstream and downstream stabilities are
partly offset by increased seepage.

It was noted in Section 44.4.2 that in high dams there is a
permeability gradient due to compression. This effect is
unfavourable to the dam superstructure, both to downstream
and to upstream flow nets. Figures 44 .27 and 44.28 indicate the
magnitude of such an effect for the case analysed. It is not
significant, but might explain some evidence that in earth rock
dams the loss of head concentrates mostly near the downstream
259% of core width. ‘

In compensation for such a minor disadvantage, a definite
advantage ensues if the design uses an optimized internal blanket
for minimizing problems of foundation permeabilities. The
internal impervious blanket, as illustrated in Figure 44.29, has
self-evident merits of design concept, both for a homogeneous,
HOM, permeability condition, and principally for the
heterogeneous, HET, case. The priority need of grouting to seal
larger erratic cracks in foundation rock is not discussed in this
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chapter. It is emphasized, however, as a priority decision based
on Design Principle 1. 2

In the case of pervious foundations that may be analysed with
the aid of flow nets the following advantages arise related to the
use of internal impervious blankets. A routine external
impervious blanket is useless over discontinuous rock masses
because with rising reservoir level the water pressure in the
cracks rises in equilibrium with the reservoir, and there is no net
effective stress to help tighten the cracks. The upstream inclined
filter, that is ideal for the embankment, has generally been carried
to the foundation. This constitutes a very unfavourable design
decision, shortening the pervious seepage paths of the
foundation and heavily taxing both the unfavourable scepage
exit gradients into the filter, and the flow carried by the drainage
blanket.

Moreover, no matter what the foundation conditions, since
the control of uplift is only required downstream of the 1:1
downstream position, every benefit must be extracted from the

For reference, = 10 isobars

Internal blanket i
=-zone of approx. dead water Z

Impervious

internal impervious blanket for tightening the fissures or pores

under the central zone subjected to highest overburden. Fissures

that persist downstream, logically wider under shallower

overburden, can only be favourable for drainage of the

foundation seepage under gradually increasing permeability.

The internal impervious blanket suffers from none of the .
problems of cracking by exposure shrinkage, rapid reservoir

loading, or differential settlements etc. The differential loading of

upstream blankets becomes seriously aggravated if the subsoil is

unsaturated (frequent in abutments).

44.6 Sliding stability conditions for
embankment dams
Conventional stability analyses of the slopes of embankment

dams have been and are routinely conducted by the analytical
methods of limit equilibrium of sliding bodies (of circular or



composite shapes) applied to all slopes. These methods of
computation are well established as working tools of
geotechnical engineers. However, it is necessary to emphasize
that the case of dams requires much higher assurance againstany
probability of sliding failure, and therefore the very concepts of
factors of safety and of indices of satisfactory behaviour must be
re-examined.

44.6.1 Fundamental principles of slope design and of
statistical definition of acceptable indices of behaviour

Some fundamental principles of good design (see ‘de Mello'),
particularly relevant in embankment dam engineering are
summarized as follows. First, the principle of the pretest
enforces construction conditions which are more critical than the
operative ones. Secondly, the principle of gradual changes in
conditions seeks to avoid rapid changes of conditions
disproportionate with experience and/or the status quo. Thirdly,
the all-important aim is that foreseeable changes with time,
however minute, should be favourable. The net consequence is
that in good design often a stability computation under
presumed critical operational conditions may have been
consciously made unnecessary; that is when wisdom supersedes
knowledge. However, collated repetitive data on plausible
indices of slope behaviour are still lacking, and so also are indices
of acceptability of such behaviour.

By convention the Factor of Safety (FS) is defined as the ratio
of:

Predicted Resistance, R(+e;)
Predicted Stresses, S(+es)

where +e=dispersion.

If during construction satisfactory stable (elastic?) behaviour
is established up to a given stress level, S¢ (¢ = construction), then
deterministically RS (FS)R.. Now, if it is ensured that S8,
(o= operational time) and it is reasonable to anticipate that
RoS R, then the ratio Ro(+e,)/So(+e;) cannot be used as a
value of FS. The author therefore proposes that a different
nominal factor of safety should be referred to as a Factor of
Guarantee, GF. Obviously FG <FS may be accepted without
risk of dissatisfaction (e.g. FG = 1.1 might well prove satisfactory
in a material and condition that would require FS=1.5).

Whereas soil engineering has generally considered only one
definition of Factor of Safety, Figure 44.30 suggests the need to
recognize three distinct Factors (considering only the
differentiation of statistical dispersion around resistances, R,
without any further delving into the histograms of acting stresses,
S). The condition of a Factor of Guarantee is that wherein, by
some lower rejection criterion the engineer would be assured that
the histogram of resistances can only be higher than some value
already pretested and guaranteed. Obviously a value FG=1.5
provides much greater assurance of success than F§=1.5. The
concepts can be illustrated with reference to examples of piles
and tunnelling in soft ground.

A pile jacked down under 60 tonnes 1o absolute stoppage of
penetration/scttlement has a FG =2 if used for a working load of
30 tonnes. If the resistance is predicted as 60 tonnes it has the
conventional F§=2. Setting aside the discussions on dynamic
versus static resistances of piles and cases of sensitive clays,
driven piles checked by refusal observations can imply factors
FG. By contrast, a bored pile suffers from two disadvantages in
its load-settlement behaviour. Firstly, it would not have been
pretested, and therefore it should be affected by the FS (poorer
than FG).

Secondly, upon closer examination it could be argued that it is
even worse than that. All efforts of advancement of soil
mechanics are towards minimizing sampling and testing
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Figure 44.30 Proposed distinction between Factor of Safety (FS)
and Factor of Guarantee (FG) (de Melloz)

disturbances, and towards improving determination of the
values of in situ soil parameters (see de Mello'7). In reality the
assessed intact parameters would establish an upper rejection
criterion, since the soil affecting bored pile behaviour represents
a histogram of resistances always lower, to varying degrees,
truncated at the upper value. This is a situation diametrically
opposite to that of FG, with the lower rejection criterion. Hence
another ratio of averages (Resistances/Stresses), namely, a
Factor of Insurance, FI, can be introduced. Insurance is against
something essentially inevitable, the effect of which should be
minimized.

The basic fact is that FI<FS<FG and depending on the
dispersion of the histograms the differences may be significant. If
projects eontinue to be designed generally for (nominal) F§=1.5
without recognition of this difference, all structures in which FI is
at stake will record a greater degree of trouble, while structures in
which FG is at stake will incorporate an unnecessarily higher
degree of safety. Tunnels and bored piles involve execution effects
that give rise to deterioration of in situ paramelers (resistance,
deformation) and therefore involve FI conditions. In the case of
dams, if flow nets alter significantly the stability conditions of the
downstream zone upon first filling of the reservoir, it may be
inviting FS conditions rather than the desirable FG situation of
pretested behaviour. Moreover, if the long-term flow nets
generate uplifts or tensile stresses, which can only reduce the
strengths achieved it may be inviting even worse conditions
associated with FI. This should raise concern in some
overconsolidated clays subjected to swelling.

There is yet another point to emphasize, namely. the
distinction between conditions which involve averages (as
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above), and those that involve localized situations corresponding
to somewhere along the tails of histograms. In other words,
confidence limits and factors of safety might be related to
individual events on the histogram (or fractiles) rather than on
the median. Such is, for instance, the situation where unstable
localized pockets occur along a bentonite-stabilized bored pile
before concreting. After concreting, the rigidity of the concrete
guarantees averaging over the profile. Similarly unstable
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Figure 44.31 Suggested distinctions in "Factors of Safety’
(de Mello?)

conditions may be encountered when excavating a tunnel. The
behaviour behind a steel face-plate in shield tunnelling, or
around a lining, can be averaged, which implies an inevitable
benefit in comparison with localized worse conditions. In the
case of dams instability of sliding masses can generally be treated
on the basis of averages, unless there is a discontinuity of shear
weakness, no matter how thin.

In reasoning and testing under a complete stress—strain-time



path trajectory the following must be considered:

1. Status quo of
stress-strain
“satisfactorily”
reached

o
&
2;

What increment of
1. Stressing?
2. Straining (if independent)?

3. What decrease in
resistance

4. What separate
rates of change of

| Agents 2 or 37 I

5. The very effects
of the agents?

From the above note that internal stresses (1) are frequently
different from the simply adopted geostatic assumptions of early
soil mechanics. Moreover, straining (2.2) is sometimes quite
independent of Joad-stressing (e.g. collapse of structure).
Further, the onset of failures can be due to any of the agents (2)
and (3). Finally, what matters is not merely the rate of onset (4) of
the agents (2, 3), but also the rate of onset of the effect (5) of the
agent, since it is well known (e.g. viscous and other complex
rheologies) that the rates of causes and rates of effects are not
similar.

Thus in estimating pore water pressure development along a
potential sliding plane due to a change of flow net pore water
pressures, it is not sufficient to consider, for the effective stress
analysis, the u value corresponding to the new flow net. One
should consider the u value as composed of two parts. The first is
the hydrodynamic flow net pore water pressure; and the second
is an incremental transient (positive or negalive) pore water
pressure due to tendencies to variation of volume (AV) that
would accompany the incremental straining (normal and
shearing). This Au=f(AV) depends on an estimate of the
incremental stresses anticipated (always assumed on the
pessimistic side). It depends also on estimates of the anticipated
rates of change of stresses, and principally of strains. The latter
important consideration is why liquefaction slides and mud flows
are indicated when the stress-strain curves show a sharp post-
peak drop, and the incremental shearing is highly contractive.

By recognizing the above, it merely emphasizes how nominal
are procedures of sampling—testing-computing (stability). They
will always continue to be so in engineering endeavours. That is
why the author (see de Mello') proposed an operational
Satisfaction Index, SI, for assessing the behaviour of slopes
associated with different FS (and/or FG) values. The important
thing is to use in each statistical analysis (same embankment)
several different slopes, to accumulate theoretical observational
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data (e.g. on plastic incremental movements compared with
pseudo-elastic stable reference values). The object is to collect
hundreds, thousands of such pairs of data (SI versus FG) so as to
establish the necessary histograms. Then one will be in a position
to make rational computed and economic decisions.
Statisticians conversant with mathematics will develop the
relationships between the conventional FS and the proposed
additional factors FG and FI as functions of the histogram
truncations (see de Mello'®). In good dam design, if
consequences of risk are high, then the engineer should be
dealing with FG conditions. Thus, in much of the following text
the discussion will be limited to FG situations. Great care 1s
recommended because FS conditions may be at play in most
cases of conventional designs. If so the corresponding computed
value for satisfaction must be decidedly higher than if FG
conditions were guaranteed (under pretested situations).

44.6.2 Slope stability in dumped and compacted rockfill
The subject is briefly discussed (see de Mello?) to emphasize that:

(a) Infinite slope analysis given by FS=tan¢'/tani is an
extremely conservative Jower bound and could well accept a
FG=100+.

(b) Stability is automatically self-tested as the fill rises at its
constant slope (i.e. one is dealing with FG and not FS).

(c) There are advantages of deterministic u=0 to permit very
low FG. :

(d) There should be advantages of locked-in prestress (in crushed
angular contacts) whereby greater stability than implied by
conventional computations can be expected.

The following additional facts are submitted, summarizing a
good number of observations on rockfill and corresponding
aggregate stockpiles (heights 30-45m) of very large projects.
Field observations are important for complementing indications
from laboratory tests and conventional stability analyses.

1. The stable slopes (angles of repose) are surveyed in detail in
minimum stretches involving more than about 15 large-size
rocks. The histogram for the end-pushed loose rock may be
considered conditioned by the most unstable surface rock
which has stopped after moving (Figure 44.32).

2. In comparison, the excavated slopes show two distinct
trends, a steep stretch (even partly subvertical), dominated by
the more stable rocks having to be moved out of their
interlocked positions of rest (static versus dynamic friction?),
and the lower stretch comprising mixed excavation-slope and
rolled-slope material.

3, Incomparison with smaller granular material, one deals with
a histogram that is not so tight as that derived from
laboratory tests on uniform sands.

4. However, even in loose end-dumped angular rock stockpiles
there is a definite strength gain from prestress.

5. The rhetorical question posed is: which ¢’ value should be
used in nominal stability analyses, that of slopes of fills, or
that of stable slopes excavated from the bottom, after benefit
of prestress? '

6. Considering the very significant prestress contributed by
compaction of rockfill in lifts, how much steeper can one go
without any risk of unsatisfactory behaviour?

44.6.3 Construction period stability, clayey materials

Under modern heavy earthwork equipment the conditioning
factor is trafficability, and in any well designed dam having a
chimney filter it should be difficult to generate end-of-
construction instability in well compacted material. There is an
effective stress preconsolidation cohesion for the short-term



44/32 Embankments

fisael
End-dumped fill | |
60 |-
Nr. data = 26 - fitagl
$m =36.1° i (82
s=+4.8° | | |
50 |- ! I | “
o I | | —— Same stockpile
e 5 excavated at
3 40 L | | ® | bottom
g & 4
[re |[ | i ;
S . -
ROIS | i i 0|
] 1! |
| i =
T EREE
“ WIET
| Pl > (a)
SEE
- I
W | bl
I ! |
4 g bt e
25°  30°  35°  40° 45°  50° ¢°
Ranges of angles of repose of highlcrushed-rock
stockpiles
IL Excavated
o IN=3  IN=3  N=2 iN=3 ]
| 1 |
| 1 ‘I I : i(b)
45— I : 1 | :
i : . 1
B ! ! S o IFil
s ! R RS SR
o 1- s J,—"'l” & Data ||
| i _"1"' | | from i
- L : T W
1 1 5
25 | 1 A= ] 1 N=26 e
1.0 3/4 11/2 3 10.0 6 . -
:g&r; (dla)m) Figure 44.32 Behaviour of angular
L rock slopes at FS=1.00 (de Mello?)

Aggregate stockpiles same rock

condition considered, Moreover, there is generally an initial
suction, and not the presumed u. versus yz (c=construction)
conditions suggested by the early (and many recent but faulty)
laboratory tests and field observations (see da Cruz and
Massad?%; Gould?'). Finally, the constant ry or B cocfficient
assumed for early simplifying computations is oW unnecessary,
and misleading with regard to greater instability (see de Mello??)
for shallower circles (benefit has been gained by suction and
cohesion) (Figure 44.33). .

In the zone downstream of the chimney, affecting the all-
important downstream stability, it is preferable to generate some
u. in order to assure onself of the pretest principle and
satisfactory FG, and especially its rigorous improvement with u
dissipation with time. Should any u, develop higher than desired,
one may use the intermittent uc-ADJUSTERS, comprising dry
layers (functioning as ‘blotting-paper’ non-exiting filters),
without fear of layered permeabilities (see de Mello'). The same
expedient also may be used in the upstream zone of the dam,
excluding what would be equivalent to a ‘core’. In the core zone
one must avoid unfavourable permeability ky, 3 ky effects on the
flow net, and it is desirable to have a high u, preferably close to
the ug,(fn =flow net, full reservoir) so as to minimize the change
of conditions in the core on first filling.

As has been often demonstrated, a core may have quite high
construction pressures without impairing end-of-construction

upstream slope stability. Stability analyses can be run, using
appropriate estimates of internal stresses, cohesion, negative and
positive ue, and the effective stress envelope. Acceptable (and a
desirable design aim) FS should be close to 1.3 for judicious
pretesting. The analyses are merely to facilitate Bayesian
insertion of successive . observations for continually improved
assessment of FS, while deformation measurements furnish
indications on SI (satisfaction index).

Since one cannot hope for a coincidence of achieving . & up, it
is worth discussing in which direction the tolerance should be
more favourable, ue > ug, OF . < . The ideal situation would be
to have had u. developed to slightly higher than ug, but dissipated
to a value slightly lower than the ug,. Thereupon the soil will have
been pretested to values of u higher than necessary, and will be
behaving within the precompressed or preconsolidated range
wherein changes of void ratio and of behaviour with change of
stress are small.

44.6.4 Downstream stability, full reservoir

First filling

The interesting problems of rapid versus slow filling will not be
discussed herein. A traditional critical permanent flow net is
assumed initially. This would appear to be the all-important case
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that invokes a conventional stability analysis as indispensable.
However, it is quite to the contrary. Indeed, the hypothesis of
such a failure is so unthinkable that one can only accept the
wisdom of a design wherein the establishment of critical full
reservoir conditions will not cause u values, iy (res= reservoir),
higher than the u. already satisfactorily borne. This is
fundamental. With appropriate design of the position of the
chimney, controlling ug,, and appropriate control of compaction
parameters, controlling u, it is not difficult to achieve this wise
design situation that dispenses with such additional stability
calculation. With Au= u., — . = negative (modestly) the change
of stability from end-of-construction to first filling can only
increase (AFG = positive). (Note: There are other conditions that
may similarly be reasoned to be satisfactory.)

Many a dam has behaved satisfactorily without any inkling of
such principles. However, absence of evidence is not evidence of
absence. The only way to guarantee zero probability of
downstream sliding failure is to have pretested the FG>1"",
and to have AFG+ve. Any number of design sections and
conditions may be rapidly sketched showing how to compare i,
versus maximum possible 1. It s a simple exercise, and causes
no qualms of decision.

What is the most unfavourable u.s possible, the flow net
hypothesis ug? Under which hypotheses should this be
considered, as all are highly dependent themselves on other

hypotheses? Would it then be right to assert that the very

maximum attainable would be the full reservoir wupyg=
hydrostatic)? Most specialists might claim so. The author
suggests that even this claim is, in principle, wrong, because it
would not incorporate the influence of compressibility, its rates
of change and rates of consequence thereof. If a rapid reservoir
filling, and unfortunate upper limit, leads to a positive Au=
Uy — Ug, OT Upes —Ue, and thus there is a rapid drop in stability,
there can be a rapid strain and consequent AV due to shear
around the sliding surface.

If a dilatant rheology is guaranteed, then security is obtained.
But if there is a tendency to compression, then there is an increase
Aug (incremental excess pore water pressure due to contractive
tendencies in shearing, s) such that the real maximum u involved
in the sliding stability could be ues+ Aug. It is imperative to seek
the right geomechanical and rheological statistical population
that may dispense with the conventional full reservoir stability
analysis, by assurance of better known FG analyses of truncated
histogram of changes of conditions.

Long-term stability

”
For stability of a downstream slope in long-term conditions one
must, again, inquire what changes of loadings and resistances
can tend to occur to affect the already established first filling FG.
It is really absurd to think of a slope analysis ‘from scratch’,
because of the much greater probabilistic imprecision than by
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Bayesian analysis of subsequent probabilities as superposed on
the former. There is no difference in principle in using the
probability changes of u from teesit (fT=first filling) 10 wpesn
(It=long-term). in similar manner to the suggested progressive
adjustment of w. as a quantification of the Observational
Method.

Whether or not t,es would tend to increase with time depends
on how consolidation, secondary compression, tensile cracking,
etc. would change relative permeabilities. It must be planned for
strength to increase, and u to decrease, with time. Both trends
are associated with a tendency towards compression (desirability
modest). Strength may further gain from favourable cementing
and thixotropic effects. It is not difficult to design 1o guarantee
such compression, such that after FGrsg>1"" a AFG+ve is
guaranteed.

The fear of long-term instability in natu ral slopes has unduly
influenced dam design. Whereas long-term destabilization is in
principle inevitable in a natural slopeat FS= 1.00,in a good dam
design of FG>100"" and +veAFG, instability should be
avoidable by conscious action. Much depends on the shear
strains and brittle stress-strain, and strain rates. One must
judiciously appraise the rheological changes. Au=f (Atime,
Astrain, etc.), As= [ (Atime, Astrain, etc.), and so on.

One loading condition that thwarts the postulated simplicity is
the seismic one. Although this subject will not be considered
here, it is emphasized that the probabilities of a catastrophic
seismic event cannot be considered independently of the
probabilities of occurrences of smaller seisms. Except for the
extreme event of the very first seism being that of maximum
credible intensity, the occurrences of smaller events could help
accumulate improvement by successive cyclic compression. The
ideal rheology would aim at a slightly dilative instantaneous
behaviour for intensities higher than some moderately rare
recurrence level.

44.6.5 Upstream slope, instantaneous drawdown

This is a topic in which both the theory, and the conventional
practices, appear questionable. As a result, it appears that
upstream earth slopes are significantly overdesigned, and any
eventual sliding is limited to shallow scoop circles.

Conventional design has often applied reduced FS
requirements (e.g. FS>1.1) principally by reasoning that
drawdown is never instantaneous and some drainage lowering of
the phreatic surface would occur. This effect, however, is
minimal. Although FS or even FI conditions (and not FG)
prevail by reservoir soaking/saturation, the modest consequence
of eventual failure justifies lesser FS values.

The very rare prototype observations cannol be multiplied in
reservoir utility operation, and would never chance to be
relevant for the sliding surface. Principal intuitions derive from
reservoirs suddenly emptied by failures (e.g. by overtopping)
after many years of full reservoir operations. The resultant failed
eroded transverse upstream slope has mostly been very steep.
The designed upstream slopes have not budged perceptibly.

Following the design dictum of examining critical bound
hypotheses, the author limits himself to considering the
hypothetical absolutely saturated embankment. In modest dams
and/or shallow upper sliding circles, the compacted material
should not be saturated, One readily recognizes this from
laboratory data of the high back pressures (6-12 kg/em?)
necessary to saturate triaxial specimens, especially if the air-filled
micropores are first reduced in diameter by consolidation under
confining stresses. The principles summarized below merely
consider tendencies to change in ¢ (assuming saturated
incompressible pore fluid). In a generalized extension, tendencies
to change both of ¢’ and of u will have to be considered (besides,
of course, the incremental shear stress and strain rate Aug, and

any other complications such as rotations of principal stresses.

ete.),
The present questionable concepts may be summarized as

follows:
(a) The division could not possibly be between:

‘FREELY-DRAINING FILLS v ‘COMPRESSIBLE FILLS'

(Pore pressures gencrated
due to total Ag on dam
face and r, concept,

r, = 1.0) (e.g. Bishop™)

(Terzaghi®®, accepting Now
nets, rapid drawdown
RDD)

Obviously draining versus non-draining hasno obligation to any
assumption on compresibilities. Likewise. incompressible versus
compressible has no obligation of direct association with
drainability or rates of drainage.

(b) Except in extremely differentiated materials, there is no
black_white distinction of intrinsic qualities of draining versus
undraining, compressible versus incompressible, as regards
materials and conditions thereof. First, no material possesses a
homogeneous tendency (to compress, Lo drain, or whatever) over
the entire upstream body of a dam. Secondly, compressibility
(etc.) is a temporary behaviour problem and not an intrinsic
quality. A material will not behave as compressible (even if it is
generally or frequently compressible) when it 1s subjected to a
stress release. A soil element in one part of the critical circle may
be subjected to stress release, and want to behave dilatantly,
while another similar soil element in another part of the same
circle may be subjected to a stress increment, and want to
compress.

As a curious extreme example to emphasize the conceptual
point one could say that in a material that is (intrinsically)
homogeneous and pervious, functioning under a flow net, each
flow line (surface) behaves as (lemporary behaviour) impervious,
since no water from one side or other of the surface crosses it (itis
immaterial that it does not wish ta cross the line). All materials
are compressible, pervious, etc.; itisa question, firstly, of algebra
{tendency to expand versus tendency to compress) and, secondly,
of degree (compress more, or less).

(c) Thirdly, there are some over-simplifications in the Ac and ry
or B procedure, that in no way permit incorporating the
advantages (or disadvantages) of the most fundamental design
weapon of a good dam design, which is the chimney filter and the
drainage (u-controlling) features (be they exiting or non-exiting
drains). The degree of significance of such consequences varies
considerably in different design cross-sections.

The principle proposed is simple, and consistent with the
hypothesis of perfectly saturated (incompressible) pore fluid. The
tendency to change of a flow net is ‘instantaneous’, and what
matters are instantaneous pore water pressure changes (compare
with rheological model of the Terzaghi consolidation theory).
Therefore two flow nets can be drawn, WLpayx (maximum water
level) and RDD. The positions of the drainage features are duly
incorporated. Once these internal flow net pore water pressure
conditions are established, based on the rapidly changed
boundary conditions, one can check what would be the
tendencies to change Aa, that determine which soil elements
would wish to behave as compressible. Any tendency to
compression, obviously, should generate a corresponding
increased transient pore water pressure (dueto AV). The stability
analysis should be based on the RDD flow net (valid for
incompressible pores) complemented (at worst) by the Au due to
the compressive Ag’ (and any consequent shearing AV). The
principle is that routine flow nets presume incompressible pores
and incompressible fluid. Therefore, one checks first what would
be the tendency, to compress or to expand, in an instantaneously
incompressible assumption. After this it can be decided whether
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Figure 44.34 Discussions regarding important
points affecting US slope RDD analysis (de Mello?)

the material will behave as compressible or as dilatant, butinany
case superposed on the background of the saturated
instantaneous RDD flow net. Figure 44.34 exemplifies this
principle of stability analysis that is generally applicable.

As usual, instability is best analysed by way of changes of
conditions superposed on the earlier proven slope obliquities of
stress under WLmayx. Incidentally, the occurrence of frequent
partial pool drawdowns merits analysis concerning any
cumulative trend toward compression or expansion, and
consequent strength changes. The ideal design of cross-section
and compacted material would aim at slight compressions under
the frequent smaller drawdown episodes, and, hopefully, a

tendency to dilate under the most critical drawdown.
Thereupon, if construction u had been satisfactorily high in
comparison with the new uppp+Au, and upstream

construction-period stability well established, one could deal
with a pretested slope stability and an acceptable FG=17
situation.

44.6.6 Conclusions

Recommendations are made that stability analyses be used as
furnishing nominal FS (or preferably FG) values and that the
acceptance levels of such index values be established by a great
number of non-failure situations, treated statistically. For more
critical conditions the only satisfactory approach for guarantee
of design is to consider changes of conditions, starting from
prestressed conditions, preferably more critical than the
operational ones.

In a manner similar to the evolution of foundation design as it
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moved from discussing FS with regard to bearing capacity
formulae, 1o the more fruitful approach of aiming at limiting
deformation for avoiding minor damage, the field of dam slope
design will only move significantly forward when such countless
statistical data are collected, correlating FS or FG with
Satisfaction Indices SI (see de Mello?).

44.7 Stresses and strains within the
embankment

44.7.1 General

Knowledge of the distribution of stresses and strains within the
embankment is of obvious importance for proper analysis of all

Cored embankment
v=04

aspects of its behaviour. First.it is necessary for estimation of the
construction period pore water pressures. Secondly, it is of
importance for evaluation of differential strains and secondary
stresses tending to create hang-up of the core, cracking,
hydraulic fracturing, and so forth. It is on such items that rests
most of the assurance of adequate behaviour of a dam (see
UNAM?2%, NGI2). Finally, it is necessary for predicting post-
construction long-term deformations and adjustments.

The problem is obviously three-dimensional, but for obvious
historical reasons has been tackled initially as two-dimensional,
for the upstream-downstream plane. Thereupon, up to the
present, the vast majority of analyses continue to be two-
dimensional, and this has been considered justifiable for dams
across wide valleys. The three-dimensional analysis has been
restricted 1o a few cases of narrow V-shaped valleys.

The upstream-downstream plane has received most atlention
because of seepage flow nets and slope stability problems (let us
say, involving the plane of g,,and a3). Assuming, however, that
such problems are adequately equated, the principal interest
regarding transverse cracking should be focused on the g, plane.

44.7.2 Routine idealized computations

The simplest possible method of calculation has been based on
homogeneous embankments modelled as perfectly elastic, and
the self-weight due to rising fill being applied by layered
increments. Figure 44.35 reproduces typical results on vertical
and horizontal displacement factors from the now classic paper
by Clough and Woodward®’. The same computations also
yielded diagrams of stress factor contours and strain contours
that are reproduced in all publications on embankments.

In a similar vein, Figure 44.36 reproduces the vertical
displacements computed by Booker and Poulos*® for an
idealized reservoir loading on an earth-rock embankment,
assuming water pressure as a boundary pressure on an
impervious membrane. Such a hypothesis is acceptable in a
transient condition for very rapid reservoir loading and
unsaturated core. The two diagrams indicate comparative
conditions of varying ratios of core to rockfill moduli E; and Eg.

by

Contours of X
H 2

(Positive downward)
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Figure 44.36 Contours of vertical movement py cored embankment. Full pool



A more realistic manner of considering reservoir loading is
through seepage effective stresses, for example, from flow nets.
Note that flow nets depend on starting hypotheses and suffer
changes because of secondary strains introduced by the seepage.
Therefore, calculations have to be iterative to reach final,
nominally correct. adjustment.

Other complex situations have been,and are repeatedly being,
analysed by appropriate numerical methods (finite element
analyses, etc.), and employ different stress-strain constitutive
equations. One commends the initiatives of such analyses, to
accompany concomitant information from judicious monitoring
of prototypes. At the present stage of knowledge, however, many
factors intervene in making complex calculations less meaningful
and profitable than they would seem.

Satisfactory preliminary computations and indications may be
derived from the elastic homogeneous model (see Poulos and
Davis?®), with moduli altered by steps on the basis of trends
derived from other projects; incidentally, since prototype
observations are analysed in like manner, the cycle closes. The
principal criticism lies in the hypothesis of a homogeneous
embankment, with core and shell equivalent. However, thisisa
starting hypothesis, and as soon as computations progress,
differences come to the fore. There are two notably divergent
avenues to follow. For the design engineer, the strong preference
is to adjust the materials and zones as far as possible aiming for
the desired homogeneity of displacements. For the scientifically
inclined geotechnician, the inexorable need is to resort to finite
clement analyses, as refined as possible, to follow the
consequences presumed predictable, within the undesired
physical model that exposed the differential behaviour.

Figure 44.37 gives some typical observations from some of the
more fully instrumented dams.

44.7.3 Some practical indications from monitored dams

For the sake of design it is of interest to extract some practical
conclusions from comparisons of predicted as opposed to

observed settlements and displacements. As already mentioned,.

construction period settlements in very clayey compacted
materials are much overestimated by laboratory tests, more $oin
remoulded specimens than in undisturbed block samples (Figure
44.38). Also, all materials reveal compaction preconsolidation
pressures, as shown in Figures 44 .38 and 44.39. In the latter case,
one must note that most early indications from monitored
rockfill dams did not include an influence factor, I, In analysing
field data. The use of an influence factor alongside the pragmatic
technique of plotting data in semilog plots accentuates
indication of a compaction precompression in clean sound
rockfills (Figure 44.39). It will be of interest to check if for much
higher dams there are significant benefits from heavier

-compaction.

A number of dams have been analysed in Figure 44.40 in order
to extract an approximate ratio of observed to predicted
settlements, using for such predictions the statistical regressions
discussed in Section 44.4.2. It can be seen that very frequently
self-weight settlements are of the order of one half to one third of
the predicted values (Figure 44.40(a) and (b)).

In Figure 44.40(b) the comparative data from three dams is so
closely similar as to define a prototype model. For their very
clayey cores of pamax=14 t/m?, the discrepancies between
observed and predicted internal settlements increased greatly
with increased height. Figure 44.40(c) includes data from the
150 m Emborcacao Dam (see de Mello®) and indicates better
agreement of predicted with observed settlements, which would
call for analysis of possible stress redistributions between core
and shells. .

Stresses and strains within the embankment 44/37

Vertical earth pressures in the dam cross section prior to impoundment

]

100 (cm)

Movement vectors of measuring points up to dam completion
(1)  Measuring point
(2) Movement vector
. (3) Scale of deformations

I

Settlements in different measuring horizons up to dam completion
(1) Measuring point
(2) Settlement
(3)  Scale of settlements

(a) Mauthaus dam (German Federal Republic)

(b) Llyn Brianne dam (Great Britain)

Figure 44.37 Typical observed strains and stresses from
earth—rock dams more fully instrumented
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Figure 44.38 Comparative data, Salto Santiago Dam, laboratory
and field

44.7.4 Quality control of construction

A prime aim of quality control of construction is the guarantee of
achieving statistical homogeneity of each material as
constructed. Engineering design in inconceivable without the
premiss of fabricated homogeneity.

The carly discussions on preferences between method
specifications and end-product specifications have led to an

understandable compromise. since method specifications can
only be applied when, in closely similar materials and
construction conditions, it has been proved that the end-
products were satisfactory. Thus the presenl concept favours
end-product specifications, aiming at the product desired by the
designer. After some initial field adjustments, confirmed by
inspection testing and all important visual-tactile inspection. it is
obviously preferable to rely predominantly on closely controlled
construction methods, assisted by spot-checking by end-product
testing. Indiscriminate use of method specifications in relatively

. new materials and conditions has been responsible for many

surprises and even failures.

The subject of construction specifications, inspection and
quality contro] testing involves a vast separate chapter, of great
consequence (see de Mello??). One must minimize statistical
dispersions around the homogeneous average need. The
question arises of what tolerance to accept. It is often equivalent
to questioning the possible consequences of some consistent
variation, and reflects on the basic inquiry of Design Principle 5.
Many such inquiries can and should be tackled by judicious
design computations. Figure 44.41 is merely one such example,
investigating the likely detrimental effect of some layer, poorly
compacted, occurring at some level within the dam. Intuitions
generally suggest that the greatest worry occurs with softer
material at the bottom. In as far as construction period
settlements are concerned, however, the most unfavourable
position is found to be at about mid-height.

44.7.5 Instrumentation and its appropriate use

Instrumentation has been indispensable for monitoring
incipiently unsatisfactory behaviour, in sufficiently repetitive
situations to establish statistical laws. Once again, the topic
involves a vast chapter of modem engineering, in which
embankments have been more and more involved. .
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Many are the criticisms of most present practices of
instrumentation planning, observation, and routine interpreta-
tion (see de Mello'*'). One momentous warning is against
relying on instrumentation for purposes of safety. Failures as
accidental singular events cannot be averted by instrumentation.
In fact, the psychology of confidence in instrumentation has
unwittingly contributed to shifted emphasis of attention, and
increased incidence of unsuspected failure modes.

Instrumentation is tied to some implicit theory, and therefore
must be consciously oriented on the basis of such a theory, or
advances and revisions thereof. The natural tendency is to persist
in instrumenting and monitoring for the already established
theories. Thus, maximum benefit/cost ratios of investment result
from reappraisals of current practices. Figure 44.42 merely serves
as one such example. Self-weight settlements of rockfill dams
have been repeatedly monitored, "and practically no attention
paid collaterally to transverse displacements, associated with
Poisson’s ratio, v. Recently emphasized evidence that upstream
decks have suffered much smaller displacements under reservoir
loading, than was predicted, served to raise the question. One
sees from elastic solutions that values of Poisson’s ratio should
have much influence, even on self-weight settlements. Prototype
monitoring along this hypothesis is presently a priority need.

ure 44.40 Sample cases: predictable vs. observed max settlements; predictions based on present suggestions (de Mello®)

44.8 Miscellaneous

The topic of embankments (see Casagrande??) was extended into
a discussion of embankment dams, with the intent of discussing
principles of design decision and computation relative to
engincering structures of extreme importance and responsibility.
It would be irresponsible, however, to close the chapter without
emphasizing that one could not possibly cover some of the points
of greatest importance and risk in designing embankment dams
as parts of a hydraulic project. Impounded water makes its way
along discontinuities, and the greatest risks are associated with
the .design and construction of carefully detailed connections
between the embankments and the appurtenant hydraulic
structures. The principles discussed persist, and must be applied
much more judiciously, because of the significant difference in
behaviour of contiguous materials, earth in contact with
concrete hydraulic structures.

The fact that by far the greatest number of failures is associated
with small dams should serve as an emphatic reminder that the
main factor is not connected with greater problems and risks
with the smaller dams. It is clearly connected with the tendency
to attribute such dams to engineers insufficiently prepared to
question and revise, as the case might require, the presumed
conventional design, construction, and monitoring routines.
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