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Foreword

Just as this book is going to press, a town in the Eastern Alps is threatened by rockfalls.
Several times during the last weeks, rock masses have rushed down from a rock face
about 600 m above a residential and industrial area. Although there have been nei-
ther casualties nor major damage to date, an area comprising some 50 residential
houses and several industrial sites had to be evacuated. In addition to the local and
government authorities who are responsible for managing the situation and making
the appropriate decisions, politicians and public media are also present. Experts from
different geoscientific disciplines have become involved, and they are expected to give
competent answers to questions like the following: Will the rock mass break down in
several stages, or might a catastrophic event occur by collapse of the whole rock face
at once? What is the total volume involved? What velocity could the falling rock mass
attain, and how far might individual blocks be projected? Could one issue a warning
before major events? Beyond these immediate concerns, the decision makers are also
confronted with the following issues: Is there a long-term geological process going
on, comprising a rock mass even larger than the worst case considered? Are we expe-
riencing a purely natural geological process, or are we caught up in a hazard which is
triggered, enhanced, or even caused by human activities like mining? Experts have to
give appropriate advice.

We may hope that the most critical phase of this rockfall process is past, that the
rock face will stabilise, and that the dams constructed will be strong enough to guar-
antee the safety of the people living or working within the area of risk. It is also a fact
that hazard and risk assessments by the many experts involved can differ consider-
ably, and we may further hope that the decision makers will follow the best estimate.

Everyone interested and involved in the dynamics of rockfalls and rockslides knows
that the work of experts in this field may be an issue. According to Erismann and Abele,
the catastrophic failure of the Vaiont hydroelectric project in 1963 was not only a trag-
edy for the victims, it was also a tragedy for the experts and engineers involved. Com-
prehensive monitoring and investigations were carried out after the first movements
started. The worst possible case could have been realistically estimated on the basis
of Heim’s findings of 1932. However, under the pressure of the consequences for the
operation of the power station, this worst case was not taken into consideration.

Erismann and Abele address this book to experts who are sometimes working un-
der extreme conditions regarding time horizon, spatial accessibility, and responsibil-
ity for the consequences of their results. Therefore they emphasise simple, easy-to-
apply methods, which are robust under the extreme working conditions of a threat-
ening catastrophe. However, it is not a “cookery book”, to be swiftly consulted during
the elaboration of exercise. We must read, or even better, study this book thoroughly
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during quiet times. We should follow with concentration the difficult and complex path
from physical analysis to prediction prescribed by the authors. I am sure that, having
done this, our work on rockfall and rockslide prediction and mitigation will be of in-
creased quality. Furthermore, by referring to Erismann’s and Abele’s book, experts will
find a more general scientific and methodological basis on which they may come to
less divergent conclusions than hitherto.

Abele’s contribution to this book was his treasure of morphological observations
and his ideas about processes and mechanisms; however, he did not live to see its pub-
lication. Erismann has laid the physical basis, and by doing the writing, has put the
finishing touches to 25 years of his involvement in this theme. So the reader will be
right to expect a mature treatment and some conclusive character within this book.
Nevertheless, the observations and physical models presented have the ability to stimu-
late new research and development of quantitative methods. In this respect, this book
has also a youthful character, pointing the way to future work to be carried out by the
next generation of scientists and engineers. My personal good wishes for Erismann’s
and Abele’s book are that it may become a standard textbook, to be carefully studied
both by scientists as well as by practitioners of the dynamics of rockfalls and rockslides.

Vienna, January 2001
E. Briickl



In memoriam Albert Heim
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Preface

To a certain extent, this book is a torso. Originally it was planned by Gerhard Abele
and myself to deal, under the title “Rockslides, Rockfalls, and Related Events”, with
the entire set of problems connected with rockslides and rockfalls. The geomorpho-
logical and geological questions - in other words: the lion’s share of this work - were
intended to be treated by Abele while I only was expected to present a physically and
mathematically based idea of the most important mechanisms.

Fate thwarted such far-reaching intentions. Detail work was underway for a couple
of months when Abele informed me that he suffered from a serious disease. He was, at
the time, optimistic with respect to the continuation and completion of our task. How-
ever, things developed at a dramatically fast pace, and, in spite of heroic efforts to over-
come the obstacles, only a few of the sections allotted to him could be committed to
paper. And then, on the 8th of October, 1994, almost exactly one year after having men-
tioned his illness, he died.

The future of our mutual work was in suspense.

After the first shock had gone by, I realised that I was not alone to deal with this
critical situation. Some friends, familiar with the scientific situation in the particular
field, encouraged me not to give up and to envisage a modified concept: the mecha-
nisms, formerly one of several aspects (though, of course, an important one), should
become the very essence of the book. Thus it would be possible to treat this side of
the ensemble in more detail and thereby close, at least to a certain extent, a gap exist-
ing in the literature. In fact, in the course of the last decades various hypotheses have
been proposed about the mechanisms governing particular phenomena. Attempts for
a comparative assessment of such hypotheses are made sometimes, especially in con-
nection with the presentation of a new hypothesis. Yet an overall view, dealing with
different kinds of mechanisms and based, as far as possible, on physically and math-
ematically solid ground, is lacking.

In this context I have to mention Prof. H. and Dr. A. Heuberger (Salzburg, Austria)
who, as long as 20 years ago, had foreseen the necessity of looking at catastrophic
mass movements not only from a geomorphologist’s standpoint but also from that of
an engineer. Thus they had awakened my interest in the matter. And in the crisis caused
by Abele’s death they were first to present the above-mentioned arguments in favour
of a concentration upon the physical (and in particular the dynamic) aspects. Prof. D.
Barsch (Heidelberg, Germany), acting as a scientific consultant to the editors, allowed
me a most encouraging discussion that issued similar conclusions. And, last but not
least, Herta Abele, Gerhard’s widow, not only gave her agreement for the free use of
what her husband already had written but also handed me his comprehensive collec-
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tion of literature on the subject. Without these encouragements and this help I should
not have been able to do the job.

Thus the narrative turns back to its beginning: there is nobody who contributed
more to make a new start possible than my late co-author. It was in the extended dis-
cussions with him that the solutions of so many problems faintly began to appear at
the horizon; it was in walking or climbing with him over the debris of Kofels, Val Pola,
and Tschirgant that opinions were confirmed or rejected; and it was on the basis of
his immense field experience (embracing hundreds of events) that the engineer learned
to understand how a geoscientist looks at things.

So, in spite of having changed its title and lost part of its volume as the consequence
of a tragic destiny, this book remains in more than one respect what it initially was
intended to be: the result of the close co-operation of two friends.

Neuhausen (Switzerland), January 2001
T. H. Erismann
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Notation

As a principle, the symbols used to express quantitatively treated values are explained
immediately before or after the presentation of the respective equations. Still the fol-
lowing letters usually stand for particular items. Double meaning of a letter does not
occur in a given context.

Symbol Dimension

Item (parameter etc.)

Symbol Dimension Item (parameter etc.)
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PaVym

Acceleration
Coefficient

Area

Breadth, width
Half-crack length
Coefficient
Diameter

Modulus of elasticity
Viscosity

Frequency

Fahrbdschung
(overall slope)

Force

Gravitational acceleration
(=9.81 on Earth)

Energy of separation

Partial thickness,
partial height

Relative thickness = H L™
Total thickness, total high

Ordinal number
(usually index)

Coefficient of restitution

Ordinal number
(usually index)

Fracture toughness
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m, km
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Length

Mass

Number of items

Total number of cycles
Pressure

Point

Quotient of two densities
Radius

Stress

Time

Duration of period
Velocity

Velocity

Volume

Velocity

Energy

Horizontal distance
along midstream path

Horizontal distance at
right angles to x

Vertical distance
Slope angle

Density

Coefficient of friction
Angular velocity

In addition, A, B, C, ... and, for particular reasons, N, P, Q, R are used as ordinal sym-

bols. Current mathematical signs are used (e.g. d for differentials, e = 2.7183 for the
basis of natural logarithms, f preceding brackets for functions, A for differences,
T = 3.1416 for Ludolph’s number, and X for sums).
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Chapter 1

Introduction
Couldn’t we, to acquire better understanding of big rockslide
motions, dig deeper by using a bit more physical reasoning
and possibly also calculation?
Albert Heim (original in German)

11

Quantification - a Stringent Necessity

In the wide field of scientific problems exists a marked difference between mainly aca-
demic questions and those bearing practical importance.1t may be worthwhile, perhaps,
to spend considerable work and money to find out that Mount Everest is two metres
lower than assumed previously (and, of course, the value of precise measurements for
the observation of tectonic processes is incontestable). But nobody except the involved
scientists and their sponsors would consider it a catastrophe if a more accurate meas-
urement would add another couple of centimetres to the actually accepted figure. On
the other hand, the question of whether an expected rockslide will reach a certain vil-
lage or not, involves, in the best case, emergency measures (like evacuation) and the
loss of substantial material value, in the worst case the risk of inhabitants being killed.

Given this background, the following chapters will treat the mechanisms of rockfalls
and rockslides with a permanent side-glance to practical application, and special at-
tention will be paid to the basic parameters of displacement, namely

1. the position attained by the distal elements of the mass,
2. the velocity of the mass at critical points of its travel.

Furthermore, thé results obtained from the analysis of known events will be looked
at in view of being used for improved prediction in the future; and prediction will, as
far as possible, be treated from the (rather uncomfortable) standpoint of an expert
assisting the local authorities in decision making.

In this context there might be some doubts with respect to the importance of velocity.
Can it not be assumed that, in determining the expected extreme position of the mov-
ing rocks, one automatically defines the area threatened? And is there any difference
whether a building is demolished at a speed of 10 or of 100 m s7'? The answers are trivial
for damages due to the elements of the mass proper, but they do not cover possible sec-
ondary effects among which the most dangerous is that of water (s. Sect. 2.5,2.6,7.1,7.2).

*

It is at once depressing and encouraging that the analysis of catastrophes yields the
best arguments to stress the importance of well-founded prediction. And, of course,
it is easy to find impressive examples. However, the demonstration of the destructive
potential residing in rock masses speeding downhill should be complemented by state-
ments about possibilities (availed or missed) to save human lives. The event of Huas-
cardn/Yungay in Rio Santa Valley, Peru (Welsch and Kinzl 1970; Plafker and Ericksen
1978; Patzelt 1983), with a death toll of about 18 000, holder of a macabre record, may
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serve as an example. Being released unexpectedly by the heavy earthquake of May 31,
1970, it was far beyond the reach of any competent expert. And the heavy, though by
far less catastrophic, event of 1962 could, in the local opinion, be interpreted as a dis-
charge promising safe decades rather than a bad omen. Anyhow, it would not make
sense to mention the Huascardn event here if there were not one detail of particular
interest for the future. As the city of Yungay was completely destroyed, a new one, Nueva
Yungay, has been built in the meantime. The location chosen for this purpose lies
within the relics of a larger prehistoric event. To the knowledge of the authors, no ex-
pertise concerning the risks thus taken has preceded the initiation of construction
work. For further information refer to Sect. 2.7, 5.3, and 7.2.

To exemplify the consequences of wrong prediction (and simultaneously the impor-
tance of velocity), another tragedy is most enlightening. In 1963 it was known for sev-
eral years that a part of Monte Toc in Vaiont Valley, a tributary of Piave Valley, Italy,
would slide into the basin of a hydroelectric power station (Miiller 1964, 1968; Broili
1967). On the basis of careful observations of the unstable rock mass, the experts pre-
dicted a slow, creeping motion, and it was not considered necessary to evacuate the
basin completely. When the mass came down on October 9, however, it must have
reached a velocity of about 25 m s™'. The rockslide itself did comparatively little dam-
age, but a secondary effect, a water wave over 200 m high, inundated parts of Piave
Valley and destroyed almost completely several villages, the largest of which was
Longarone. The author does not share L. Miiller’s opinion (1964) that the speed of the
moving rocks could not have been expected (in the summary of his study Miiller even
speaks of “... the unprecedented velocity which exceeded all expectations ...”). Obvi-
ously, Heim’s fundamental work (1932) had not been consulted with the required care
in spite - or because - of having been on the market for more than 30 years (and be-
ing mentioned in the list of references). As will be elucidated in Sect. 2.6 and 6.2, Heim’s
book contained the necessary information for a useful quantitative forecast of veloc-
ity, not very precise, but sufficient to give an idea of the excessive imminent danger. So
there are strong arguments in favour of the hypothesis that the death of almost
2000 persons could have been avoided. In any case, the question remains, how an ex-
pected event of this calibre (about 0.3 km®) could be treated by well-known experts
without taking into account all details available in the most prominent publication on
the subject existing at the time.

Wrong prediction does not always mean fundamental errors as in the last-men-
tioned example. And even if a correct view of the envisaged mechanisms is applied in
quantifying complex phenomena, it must be borne in mind that the knowledge of the
parameters involved never will be an exhaustive one, especially if prediction is aimed
at. In other words, no pretensions can be made for a high accuracy of calculated fig-
ures, and a well-considered estimate of a realistic “safety coefficient” (one of the au-
thor’s teachers called this “coefficient of ignorance”) may be as difficult as the respec-
tive detailed calculation. Nevertheless, quantification is stringent, be it to acquire bet-
ter understanding of a phenomenon, be it to trace the influence or to estimate the or-
der of magnitude of a parameter, be it, in certain cases, to reduce to absurdity a pre-
posterous (though seemingly plausible) hypothesis.

*

The above-mentioned endeavour to help experts in assessing the risks of cata-

strophic events must find its reflection in an appropriate presentation of mathemati-
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cal analyses. An expert confronted with a mortal danger, perhaps for hundreds of per-
sons, hardly will be interested in anything but easy-to-understand and fast-to-apply
results. On the other hand, the same expert, if interested in quantitative aspects and
working far away from the dramatic side of his job, perhaps would like to follow the
line of thought leading from geomorphological facts to their mathematical expression.
In view of such ambiguous demands certain rules have been established for the present
book. In principle, mathematical deductions will be reported by describing the basic
ideas and the fundamentals of the mathematical approach; the subsequent interme-
diate operations will be mentioned only as far as necessary to get at a result without
losing the track (the degree of shortcutting being a function of the degree to which
the respective operations are generally known or can be found elsewhere, be it in this
book or in the literature). These rules are valid mainly for the chapters dealing with
particular mechanisms or models (Chap. 3, 4, 5, 6, and 7). On the other hand, math-
ematical considerations will, as much as possible, be banished from the other chap-
ters. The results obtained by mathematical means, however, will extensively be used
in all parts of the book, with compulsory mention of the sections in which more math-
ematical details can be found.

The highlights of Chap. 8 will in first instance be a briefly commented reference
list of results.
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1.2
Remarks on Nomenclature

From time immemorial mankind has had to deal with the destructive power of
rockslides and rockfalls. As a consequence, many words used in this context are old.
And when the respective phenomena began to be approached in a scientific manner,
it was inevitable that certain words turned out to be imprecise or even misleading in
the expression of their meaning. To quote the most obvious example: around 1970 the
catastrophic displacement of a cubic kilometre of dry rock usually was denominated
as a “landslide”, and the same term was used for a far slower gravity-driven move-
ment of a thousand cubic metres of wet clay. So it was, of course, an improvement that,
more and more, the word “rockslide” was applied for the first-mentioned kind of event,
thus offering the advantage of better distinction. In German and French, by the way, a
similar, though not identical, situation is given by the broad use of the words “Berg-
sturz” (literally translated: “mountain fall” or “mountain crash”) and “éboulement”
“crash” or “collapse”).

So it was necessary to set up definitions correlated with the respective words in an
unmistakable manner. Varnes (1978) presented a systematically arrayed and well-
illustrated typology of rockslides (or “landslides”). A most useful general reference
book in five languages was edited by Visser (1980). These and other publications
(e.g. Hutchinson 1988) have been very helpful to the authors in their endeavour to use
a clear and unequivocal nomenclature.

*

It has, however, to be remembered that this is a book primarily dealing with dy-
namic mechanisms and not with geomorphological problems, and that, as a conse-
quence, it is necessary to use physically adequate terms even if they are in contradic-
tion with accepted traditions.

In such instances particular attention has to be paid to the title of this book. The
respective definitions in reference lists, although certainly useful for other purposes,
are not satisfactory in the present context. Visser (1980), to pick out an example, stipu-
lates for a rockslide (p. 148, Item 2 048) a displacement on bedding, joint or fault sur-
faces with incidental lubricating function; for a rockfall (p. 148, Item 2 049), undercut-
ting in case of mountain sides is declared as compulsory, but neither guidance by a
slip plane nor lubrication are tolerated. Such definitions have little to do with the prob-
lems of displacement so that the terms “rockslide” and “rockfall” must be defined anew
in an adequate form. And, as adequate definitions are a matter of the geomorphologi-
cal background, they will be dealt with in the introductory section (2.1) of the geo-
morphological chapter, and special attention will be paid to the distinctive criteria of
the two phenomena.

Another showpiece in this context are the half-synonymous words “flow” and “stream”.
No lesser researcher than Albert Heim (1932) used both terms in parallel, of course in their
German form (“fliefen” and “strémen”), and applied them in an undifferentiated man-
ner both to the motion of water and of dry debris. Of course, around 1900 scientific
writing was far more “belles lettres” than it is nowadays, and Heim excelled in a rich
vocabulary, frequently using various terms for one and the same thing or process.

Now “flow mechanics” is a well-defined branch of physics treating the motion of
fluids (liquid and gaseous media), a motion that can be laminar (if viscosity prevails),
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turbulent (if dynamic effects prevail) or supersonic (if compressibility plays an im-
portant role). As will be elucidated in Sect. 5.1 and 5.6, a fast-moving disintegrated
rockslide mass differs from a liquid (not to speak of a gas) so profoundly that the use
of one and the same word for both kinds of locomotion is at least questionable. It is
not intended to enter into a detailed linguistic discussion in the present book. Yet mis-
understandings will be avoided by using the word “flow” only in the case of liquids,
gases, and genuinely fluidised media, i.e. media essentially moving like a liquid. To
quote a complementary pair of examples: on the one hand, terms like “granular flow”
(s. Sect. 6.4 for references), “debris flow”, “debris stream”, “sturzstrom” (as proposed
by Hsii 1975, 129-130, and Nicoletti 1989, 420), and even “debris avalanche”, though
rather unambiguous in its actual use, will be avoided in this book; on the other hand,
“mud flow” will readily be used in spite of standing for very different parameter con-
figurations (water-to-solid ratios, velocities, etc.), but in any case expressing materi-
als subjected to the laws of laminar or turbulent flow. In accordance with the above-
mentioned considerations the state of disintegration will be expressed simply by “co-
herent motion” and “disintegrated motion”, the intermediate states as well as essen-
tial circumstances (e.g. presence of water, state of surfaces, etc.) being signalled by
additional attributes. So information will be presented in unambiguous form without
the necessity of introducing new terms.

It is well understood that Bagnold’s fundamental work, in spite of having made plau-
sible phenomena analogous to laminar and turbulent flow in dispersions of solids in
liquids (1954), by no means is in contradiction with the philosophy suggested above.
In fact, Bagnold considered gravitationless conditions in which the particles of solid
neither floated on top nor sank to the ground. So the dominating role of gravity, one
of the essential circumstances in the displacement of a disintegrated mass, was ruled
out. And in a later study (1956), where gravity no longer was neglected, the central
question was the transport of relatively fine granular particles by a moving fluid rather
than the influence of a fluid upon moving rock particles.

Furthermore it will be observed that in the optics presented above the criteria re-
quired to describe different types of motion are other than purely geomorphological.
Minor importance, for example, is attributed to the question of whether a slide be-
longs to the rotary or to the translational type. What counts, are the conditions given
by the displacement of the centre of gravity, the friction between mass and ground,
energy dissipated within the mass, and other physically relevant parameters. Of course,
also the geometry of the ground enters into such considerations, so that differences
between rotary and translational slides are not ignored. But these differences appear
as normal steps of the calculation as soon as the said geometry is modelled. So it be-
comes plausible that various terms, though important in geomorphological and geo-
logical descriptions of rockslides and rockfalls, will be mentioned only incidentally
(if at all) in the following chapters.



Chapter 2

Case Histories, Geomorphological Facts

We possess nothing certainly except the past.

Evelyn Waugh

2.1
Introductory Remarks

It has already been pointed out (Sect. 1.2) that the purpose of this book differs from
those of most studies in the field of gravitational mass movements. Therefore the most
important chapters (3, 4, 5, and 6) deal in a physical, partly also a mathematical man-
ner with various mechanisms, the lion’s share being devoted to the mechanisms of
displacement (Chap. 5). This distribution of weights is clearly reflected by reduction
of geomorphological information to the amount dictated by necessity. Nevertheless
the fundamental importance of geomorphology remains untouched: every bit of physi-
cal reasoning must be derived from some geomorphological fact,and every mathemati-
cal equation must find its correlative in a geomorphologically expressed process.

Probably the best way to back up theoretical considerations with geomorphologi-
cal reality lays in the form of coherent case histories offering, by virtue of their imma-
nent logical ties, far more cogent arguments than the enumeration of unconnected facts
picked out from a multitude of events. Still there are limits to such a strategy. It is, for
instance, worthwhile to use a case history in order to demonstrate one of the basic
mechanisms on which generations of scientists rely in elaborating their hypotheses;
but it would mean to break a butterfly on the wheel if the same case history were used
to illustrate nothing but a single process of moderate importance. Thus, to fill gaps
left in the description of complete events, several of the case histories will be comple-
mented by additional geomorphological facts taken from events not described in ex-
tenso. To spot the geomorphological basis thus defined, besides the six main events
also six of the last-mentioned additional group are listed hereafter in a table, and their
locations are presented in Fig. 2.1. Eventually, it goes without saying that further spo-
radic bits of geomorphological information will be presented right in the sections
dealing with the mechanisms proper.

*

The choice of the “key events” to be described in more detail had to be made with
due care. In order to be selected, each of them had to fulfil several indispensable con-
ditions. First of all, it had to be what might be called a “key experience”, i.e. a case
demonstrating in a particularly striking manner one or several mechanisms of high
importance. This does neither mean that such mechanisms necessarily must work as
they were understood when first proposed, nor does it mean that the described event
was the one that gave rise to the first description of the said mechanism. The criterion
for the choice rather was the best possible quality expected for making evident the
fundamentals of mechanisms. Secondly, it was required that the events be sufficiently
well documented (in first instance by appropriate maps) to present them in a more or

T. H. Erismann et al., Dynamics of Rockslides and Rockfalls
© Springer-Verlag Berlin Heidelberg 2001
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less uniform, easy-to-understand form. Finally, no event, even if it was considered
perfectly suitable, could be used without being thoroughly known. The best approach
to an intimate knowledge, namely extensive visits to the respective rockslides, was not
possible in all envisaged cases. Thus, for events only known from reports a further limi-
tation was given by the necessity not only of good documentation but also of exem-
plary descriptions giving the details needed to formulate case histories according to
the requirements of the present book.

Contrarily to the more theoretical Chap. 5 dealing with displacement, the case his-
tories are correlated with the demonstrated mechanisms in various manners, some-
times one history referring to more than one important mechanism, sometimes also
one and the same mechanism appearing in more than one history. So no particular
methodological order recommended itself, and the case histories were arrayed in geo-
graphic order as evident from Fig. 2.1 and Table 2.1 (from north to south and from west
to east).

*

Before closing this section, the announced discussion (Sect. 1.2) of the terms used
in the book’s title has to be brought to an end. From the dominating point of view of
possible motional mechanisms, no fundamental distinction between rockslides and

Table 2.1. Basic information about “key” and some additional events. The table is compiled from the
references mentioned in the text in connection with the respective events (Sect. 2.2-2.7). In view of a
compact presentation, remarks are confined to those directly connected with the aims of the men-
tioned sections

Event Volume Material Fahrbéschung®  Year Remarks

(km?) (s. Sect. 6.2) A.D.
Sherman 0.03 Sandstone 0.172 1965 Run-out on glacier
Pandemonium®  0.005 Gneissig rock 0.235 1959 "Speedometry included”
Blackhawk® 0.28 Limestone 0.098 ¢ Air lubrication?
Flims 9.0 Limestone 0.07 (0.12) c Slope??
Sasagit/Tamins 1.7 Limestone <0.23(0.09) c Slope?
Tschirgant 0.2 Dolomite 0.16 ¢ Water lubrication?
Kofels® 2.2 Augengneiss 0.18 ¢ Frictionite observed
Almtal 03 Limestone 0.11 ¢ Water lubrication?
val Pola® 0035  Gabbro 046 1987  Flood wave
Vaiont® 03 Limestone 023 1963 Flood wave
Langtang 2.0< Migmatite/gneiss 7 ¢ Frictionite observed
Huascaran® 0.053 Granodioritet+ice  0.25 1970 Giant bounces

@ According to Heim’s definition of overall slope.

b “Key" events (names used in titles of respective sections).

¢ Prehistoric events.

4 Alternative assumptions: Flims or (for figures in parentheses) Sasagit/Tamins penetrated into Dom-
leschg (s. text and Fig. 2.5; Sect. 5.5; Abele 1997b). In the first-mentioned case determination of slope
is difficult.
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rockfalls can be presumed. In fact, both are gravity-driven, potentially catastrophic,
fast displacements of more or less considerable rock masses. In other words, no mecha-
nism can be active in the one which - at least potentially - cannot be expected to be
active in the other (Chap. 5). To quote an extreme example: although it is not very prob-
able that self-lubrication (e.g. by melting crystalline rock, Sect. 5.5) might occur in an
average-sized rockfall, its occurrence in case of a singularly large event is by no means
excluded. So the comparison of rockslides and rockfalls is mainly confined to an analy-
sis of gradual differences (and similarities) in the importance of mechanisms and
parameters and to the deduction of the resulting consequences.

The most characteristic feature of a rockfall consists in the dominance of a rapid
descent over a very steep slope, in many cases more or less free from obstacles. Such
displacement, commonly known as “falling”, although “pseudo-falling” perhaps would
be a more adequate term, implies a particular balance between accelerating and de-
celerating forces: in descending, a high percentage of the weight acts as a motor and
only a limited one is able, by generating friction, to produce a braking effect. The re-
sult is not only a high rate of acceleration (in extreme cases practically equalling the
gravitational acceleration) but also - at least as long as atmospheric drag is not a sub-
stantial limiting factor - an almost equal velocity of all moving elements. As one of
the essential sources of collisions within the moving mass consists in differences of
velocity, the result is a low degree of interaction between the elements. In terms of ki-
netics, this fact is stressed by the low energy exchange resulting from the small differ-
ences in velocity between the colliding elements (Sect. 4.2, 5.7).

These effects sometimes are enhanced by another fact. As a rule, in spite of impress-
ing exceptions (example: two consecutive rockfalls near Randa, Valais, Switzerland, 1991,
total volume almost 0.03 km?3; Noverraz and Bonnard 1991, 165-170; GEOTEST/BWW
1992), rockfalls are of substantially smaller size than rockslides. So, if the width of its
track is limited, the mass of a rockslide may be kept together therein while the ele-
ments of a rockfall are more or less free to spread laterally, thus further reducing the
number of collisions.

In such instances it is obvious that the cohesion of rockslides, though neither abso-
lute nor homogeneous or isotropic, normally is distinctly higher than that of rockfalls
which in certain cases may be considered as nothing but a sum of individually mov-
ing elements. Both in analysis and prediction this is an important point, especially if
the probabilistic aspect is taken into account.

It makes sense, for example, to determine the reach of not too large a rockfall by
calculating the paths of single elements and systematically varying certain key param-
eters so as to obtain a reasonably realistic scatter band (Sect. 5.3). This means nothing
less than the neglect of interaction as a mechanism of minor importance. Needless to
say, such an approach would yield completely wrong results in the case of a rockslide
where, as the interaction within an immense number of elements results in an effi-
cient averaging process, the conditions of a probabilistically correct calculation are
best respected by using well-balanced mean values for the parameters (Sect. 6.3, 6.4).
This statement should not be misunderstood as a suggestion never to take into ac-
count the motion of single blocks in rockslides (Sect. 5.3,5.7). The situation as described
above might be summarised by the following statement: certainly both rockslides and
rockfalls are chaotic to a high degree, but chaos and chaos sometimes are quite differ-
ent things.
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As will be discussed in detail under Heading 5.1, no general statement can be given
with respect to the causal relation between cohesion and reach of an event. Neverthe-
less it is with good reason that rockslides, as a rule, are considered as reaching farther
than rockfalls. But this is not so much a matter of cohesion as one of size and geom-
etry: rockfalls, after a dramatic descent over a steep slope, very often are completely
or partially arrested by hitting a massive obstacle more or less frontally.

As far as small events are considered, the theoretical study of rockfalls can effec-
tively be complemented (and theoretical results verified) by experiments (Broili 1976;
Bozzolo 1987, Bozzolo et al. 1988). Small rockfalls, released by an explosion and con-
tinuously recorded by several cameras, have repeatedly been used for the purpose. One
of the author’s candidates for a doctoral degree described in his thesis several par-
ticularly well instrumented and carefully evaluated experiments with such “in vitro”
rockfalls. The term “in vitro” is probably an understatement as in certain cases thou-
sands of cubic metres of rock were released. Thereby most valuable detailed informa-
tion, in first instance about the motion of single blocks, was obtained (Sect. 5.3).

*

In view of the considerations made above, especially in the context of case histo-
ries, it is obvious that the sections following hereafter could not be written without a
perceptible personal aspect. Other authors, having other key experiences, probably
would have chosen other events to illustrate the same mechanisms. This fact is not
considered as a disadvantage: would a book not bear the stigma of a computer-made
product if it had no personal touch?

The importance of geomorphological aspects is once more stressed in the last sec-
tion of this chapter (2.8): it contains a reference list of essential results having emerged
from the case histories (Sect. 2.2-2.7) and considered worth to be taken into account
in the subsequent chapters.
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2.2
Pandemonium Creek

One of the two particularly important problems discussed in the present section has
been raised in first instance by the investigation of so called long run out rockslides in
which masses are moving far beyond the distance that could have been expected when
considering the size effect alone. This effect, according to which large rockslides move more
economically and thus reach farther than smaller ones, was first expressed by Heim (1932,
121-130) and quantified in an easy to apply form by Scheidegger (1973). In view of its value
for modeling, the size effect is paid due attention in a special section (6.3). The existence
of long run out events is an important obstacle for a reliable mathematical modeling of
rockslides with the intention of predicting the threatened area. The span of uncertainty
can, of course, be reduced by taking into account various geomorphological circum-
stances; however, very substantial differences still remain, and without the introduc-
tion of further mechanisms, effective mathematical modeling remains problematic. One
of the possible candidates for an answer to this question is treated hereafter.

The second problem has to do with the remark made under Heading 1.1 that be-
sides the reach of a rockslide, also the velocity at any point of its travel may be of out-
standing importance. In this context the event of Vaiont/Longarone, one of the heavi-
est catastrophes of the twentieth century, was mentioned. It will be discussed more in
detail in Sect. 2.6, and it will be demonstrated at various occasions (Sect. 2.5, 2.7, 6.2)
that a reliable estimate of velocity is a more tricky task than might be assumed at first
sight. This is true for post eventum analysis, not to speak of prediction.

With respect to both, explanation of long run out and determination of velocity, the
rockslide of Pandemonium Creek is unique. On the one hand, its overall slope (for defi-
nition s. Sect. 6.2),being in the range of 0.23, is far below a value of around 0.4 as would
be expected for a mass of 5 million m® from one of the equations based on the size ef-
fect. More than that: there is well founded evidence in favour of an exceptionally low
effective coefficient of friction for a well defined portion of the travel. Such differentiated
information would be impossible if the slide were not “equipped”, over a distance of more
than three kilometres, with something like a set of “built in speedometers”. To understand
this fact, it is necessary to look at the event in some more detail. This is possible owing to
a most conclusive description by Evans et al. (1989) with excellent illustrations.

*

As far as its history can be reconstructed, the rockslide, unobserved by any known
eyewitness, took place in the summer of 1959 (Evans et al. 1989, 438) in the uninhabited
southern part of Tweedsmuir Provincial Park, British Columbia, Canada, at the divide
between the rivers Atnarko and Klinaklini. No discrete fact can be spotted as having
triggered the event: neither a particularly heavy earthquake nor abnormal precipitations
were observed in the critical period. So Evans and his co authors concluded that very prob-
ably the slide was entirely due to long term degradation of the rock material’s strength.

The detailed description given by Evans et al. (1989, pp. 430-438) may in short be sum-
marised as follows (Fig. 2.1, 2.2a,b, 2.3, 2.4): A spur of diorite, irregular in shape, originally
extending between 2 625 and 2 275 m elevation and having a volume of about 0.005 km?,
broke off the north flank of an unnamed peak and slid over a steep slope (total hori-
zontal extension 3 000 m, total vertical extension 1425 m) to the narrow valley of Pan-
demonium Creek. For about half of this accelerated travel the slide moved on a glacier
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(km 0.4-1.6 in Fig. 2.4), then on more or less naked rock. The material, most probably
disintegrated already in this initial phase of motion, was, however, efficiently kept to-
gether by the channelling effect of lateral moraines (s. contour lines) so that the lateral
extension in crossing the creek (km 3.05) was little more than twice that of the spur in its
original position. As the mass hit the (equally steep) opposite slope almost at right angles,
a considerable run up took place, the topmost clasts reaching an elevation 335 m above
the bottom of the valley. Then the debris, guided by the slightly asymmetrical geometry
of the ground, turned to the right, slid back to the bottom of the valley, and followed its
course, thus descending by about 400 m over a horizontal travel of 3.1 kilometres
(km 4.2-7.3). As the slopes on both sides of the creek are steep and practically uninter-
rupted, the mass was laterally kept together even better than in the preceding descent.

This phase, probably the most interesting of the event, allowed the determination of
the velocity of motion at several successive points. The topographic basis for a series
of “recording speedometers” is given by the simple fact that the valley’s course, directed
to the east as a whole, contains a succession of approximately sinusoidal curves. At the
time of the exploration by Evans and his colleagues the traces of the passing rockslide
were fresh enough to allow a rather accurate geometrical evaluation yielding the “super-
elevation” assumed by the debris in passing through the curves of this natural “bobsleigh
run”. The details of the mechanism behind the phenomenon and in particular its in-
herent sources of errors will be discussed later (Sect. 2.7, 5.7). In the present section it
suffices to mention its strongest point, namely the repeated possibility to measure the
velocity in a series of locations under approximately equal conditions. This means that,
even if the absolute figures obtained are systematically erroneous to a certain extent,
their mutual (relative) comparison, owing to similarity of the errors, will deliver a rather
accurate idea of the manner in which velocity developed during this phase of motion.

More than that: a lucky coincidence arranged the topographical parameters so that,
probably by exception of a slightly higher velocity in the first curve (Item I in Fig. 2.4),
certainly a consequence of the preceding run up, the discussed phase was distinguished
by, roughly speaking, constant velocity (from Evans et al., p. 440, an average of 26.1;7 ms™*
and a statistical scatter of +4.08 m s~ are obtained; for more quantitative details s. Sect. 5.7).
This circumstance is due to the fact that most of the kinetic energy acquired in the very
rapid initial descent was dissipated in the run up phase. So,as a consequence of an almost
“ideal” initial velocity, no substantial change of kinetic energy took place during the con-
sidered three kilometres. In other words: the average value of the apparent coefficient of
friction (definition s. Sect. 6.2) must have been in the same range as the average slope. And
this slope, as easily can be seen from the figures at the end of the second to last paragraph,
was as low as 0.129 (slope angle 7.35°). According to Scheidegger’s formula, almost three
times this slope (0.38) would have been expected for an event of the considered size!

At the mouth of the valley the mass, no longer channelled and moving at a decreas-
ing pace on the comparatively flat fan of Pandemonium Creek, was free to spread later-
ally. Nevertheless a portion of it turned to the right by another 9o degrees and, after a
southbound travel of several hundred metres, finally came to a rest with its distal end
buried in one of the Knot Lakes. Owing to this fact the total extension of the deposit is
not exactly known. The figures as presented here (like those published by Evans et al.,
though slightly differing therefrom for obvious reasons) are based on the assumption
that only an energetically insignificant portion of the debris is excluded by cutting the
evaluation on the edge of the lake.



14 Chapter 2 - Case Histories, Geomorphological Facts

Fig. 2.2 a. Pandemonium Creek rockslide, steep northbound descent, view from north. Arrow shows
zone of release. Headwall (on top) from which the mass originated and glacier (below) where it accel-
erated (by courtesy of the Geological Survey of Canada, Ottawa, Ontario, represented by S. G. Evans)

As concerning the resistance during the travel through the “bobsleigh run”, the
exorbitant discrepancy between theoretical expectation and reality hardly can be
explained without the introduction of at least one particularly effective mechanism
active under circumstances as encountered in Pandemonium Creek Valley. It is, of
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Fig. 2.2 b. Pandemonium Creek rockslide, steep northbound descent, view from north. Arrow shows
zone of release. Below glacier, well-channelled track to (invisible) Pandemonium Creek (by courtesy
of the Geological Survey of Canada, Ottawa, Ontario, represented by S. G. Evans)

course, an accepted practice to attribute a certain reduction of frictional resistance
to the presence of water in the critical zone of a moving rock mass. However, the con-
ditions usually considered as favourable for a lubricating effect of water (fluidisation
of fine grained material, hydrostatic pressure of pore water, etc., s. Sect. 5.5 and 5.6) are
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Fig. 2.3. Pandemonium Creek rockslide, “bobsleigh run” through Pandemonium Creek Valley, view from
east. Dotted lines, background: traces of motion in descending (left) and running up (right). Dotted lines
in valley: marks of superelevation used as “speedometers”. Foreground: first half-kilometre of run-out
area (by courtesy of the Geological Survey of Canada, Ottawa, Ontario, represented by S. G. Evans)
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not (or, at least, not to sufficient extent) evident in the case of Pandemonium Creek. So it
becomes essential to find a hitherto unknown mechanism fitting into the described
configuration. The importance of this task in two respects reaches far beyond a simple
reduction, in a single case, of a parameter depending on a multitude of circumstances.
On the one hand, the Pandemonium Creek rockslide by no means was unique in mov-
ing most economically under the above cited conditions. On the other hand, the Pan-
demonium Creek rockslide is, perhaps, unique in offering an extended portion of track
with a particularly unchanging character, allowing to be picked out and analysed on a
sound quantitative basis almost independently from the rest of the event. And it is the
scientific strength of this extraordinary rockslide that the said portion of track was
rushed through most economically and at a practically constant pace.

In his extensive book on Alpine mass movements (1974) Abele had established vari-
ous correlations between geomorphological parameters. This work is outstanding by
its completeness: no less than 285 events were listed and evaluated as far as their pa-
rameters could be made available, and 190 thereof were definitely recognised as
rockslides. It must be pointed out that, owing to the multitude of involved parameters
and the width of their scatter bands, quantitative evaluations based on a moderate
number of cases may be seriously falsified by excessive configurations in few events.
In other words: a large number of cases is essential for reliable results of quantitative
analysis. One of the most interesting diagrams in this context shows the overall slope
in function of the volume for as many as 77 rockslides (p. 45). The main part thereof -
after exclusion of the few uncertain cases, reduction of the volume range to events of
at least 0.005 km?, and castling between Flims and Tamins/Sésagit (s. later) - are re-
produced in Fig. 2.5 (s. also Table 6.1).

It will be observed in this figure that several Alpine slides (Obernberg, Almtal,
Tschirgant, Fernpass, and Flims) are conspicuous by a low overall slope. They are simi-
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Fig. 2.5. Long run-out rockslides in the Alps (circles: Abele 1974, 45) and in North America (squares:
Eisbacher 1977, 1979b; Evans et al. 1989) compared with other Alpine slides (crosses). 61: Pandemo-
nium Creek; 62: Damocles; 63: Twin E; 64: Elm; 65: San Giovanni; 66: Frank; 67: Goldau; 68: Obernberg;
69: Nozzle; 70: Lavini di Marco; 71: Tschirgant; 72: Almtal; 73: Rockslide Pass; 74: Fernpass; 75: Flims
(including Domleschg tongue in Fig. 2.6); B: Blackhawk (not used for further evaluation); V: volume
(km®); tan B¢ Fahrboschung (s. Sect. 6.2) (sketch by Erismann)
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lar to Pandemonium Creek in having made a substantial portion of their travel on a
ground of loose material which, at the time in question, most probably consisted of
water saturated fluvial sediments (Abele 1991b, 33, 1997b, 2).

In addition, at least three of the mentioned slides (Almtal, Fernpass, Flims) were to
a high degree laterally confined in the respective phase of motion. This last- mentioned
criterion was not fulfilled in the case of the Tschirgant slide which, after a descent from
the northern slope of the wide Inn Valley, ran out crossing this valley and partially
penetrating into the tributary valley Otztal. Its low overall slope probably shows that
the existence of ample water saturated valley fill can suffice as a long run out condi-
tion, while lateral confinement, though effective as a booster, is not a conditio sine
qua non. The overall slopes of three further Alpine events (the famous catastrophes
of Elm and Goldau, as well as Lavini di Marco and Obernberg), having travelled on
water saturated loose material only to a limited extent and/or lacking strict lateral con-
finement, lay somewhat less clearly below the main cluster of points in Fig. 2.5.

In order to illustrate the main characteristics observed in the mentioned events,
Fig. 2.6 shows, in a form reduced to the information strictly essential in the present
context, the general shapes of Almtal, Tschirgant, Fernpass, and Flims. Short comments
about these Alpine slides may suffice (for details s. the references). Almtal and Fernpass
probably are almost as obvious as Pandemonium Creek if abstraction is made from
the impossibility to perceive the traces of superelevation in the curves of a prehistoric
event. The case of Flims was the object of various discussions over the course of sev-
eral decades (Pavoni 1968; Scheller 1970; Abele 1991b, 1997b). In Fig. 2.6 two possible
scenarios are shown for the origin of deposits found more than 10 km upstream in
Domleschg Valley (river Hinterrhein). According to the conventional opinion this ma-
terial came from the Tamins/Sisagit slide, second largest in the region (volume about
1.7 km?) which is assumed to have barred the confluence of Vorderrhein and Hinterrhein
effectively enough to enforce a full stop on the Flims event, the largest known rockslide
in the Alps (volume at least 9 km?). Contrarily, according to Abele’s last publication
(1997b), the Tamins/Sasagit slide did not penetrate far into the Domleschg, and its dam
only was able to deflect the enormous masses of the Flims slide southward and so to
force them into the Domleschg valley. For the regression curves established in Sect. 6.2
this last assumption was used. It must, however, be pointed out that the results would
not have changed much if the data of the Tamins/S4sagit alternative had been used: in
either case the run out of a large slide took place under conditions as stipulated here
above. Finally, the Tschirgant rockslide, already mentioned in the context of lacking
lateral confinement, will be discussed as containing valuable evidence about pull apart
structures in long run out deposits (hereafter and Sect. 5.5). In Fig. 2.6 the tongue pen-
etrating into the Otztal is visible as a protruding end pointing to the altitude figure “720”.

To cross check the results obtained for Alpine rockslides, data of six North Ameri-
can events of similar character are added in Fig. 2.5, and five silhouettes are shown in
Fig. 2.6. By no means unexpectedly it becomes evident that equal combinations of cir-
cumstances are valid for long run out events in America as well as in Europe. The
parallel is stressed by the existence of an intermediate group of events with an obvi-
ously less effective mechanism as in the cases of Elm, Goldau, Obernberg, and
Tschirgant. Most probably, this group is represented by the famous Frank and the
Rockslide Pass events. Only the Blackhawk (Fig. 2.13) has to be considered separately
as the physical background of its long run out character, in spite of perfectly fitting
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1000

+2148
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Fig. 2.6. Approximate shapes of four Alpine (Fig. 2.1) and five North American rockslides. For better
comparison all events are represented as moving, roughly speaking, from the left to the right. Head
scars are symbolised by hatching or (for silhouettes) by short arrows. Numbers represent elevations
in metres. The tongue moving up Domleschg Valley is shown twice to account for the possibilities
proposed (refer to text) (sketch by Erismann)

into the frame of Fig. 2.5, is not necessarily identical to that of the other examples. For
this reason the Blackhawk is excluded from the calculation of regression curves
(Sect. 6.3) and will be treated in the next following section (2.3).

In considering Fig. 2.5 and 2.6 it becomes plausible that Nicoletti and Sorriso Valvo
(1991) attribute a particular importance to the geometry of a moving disintegrated mass.
This problem will be given due attention in the context of reach prediction (Sect. 6.3).

*

On the basis of the mentioned evidence, Abele presented the idea of a regular cor-
relation between the discussed geomorphological configuration and long run out. He
did it first in a rather tentative form (1991b). Later he cast it into the more substantial
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frame of a theoretically coherent hypothesis, backed up by further details of field evi-
dence (1997b). The mechanism, as illustrated in Fig. 2.7, is almost self explanatory.
When a rockslide, having acquired a disintegrated state, reaches a valley floor with a
water saturated fill of gravel and/or finer material, two mechanisms are started: on
the one hand, parts of the fill, mixed with water and distal elements of the slide, are
pushed forth (“bulldozed”) like a frontal bow wave (Fig. 2.7¢); on the other hand, the
remaining fill is compressed under the weight of the slide. The first mechanism obvi-
ously has a rather turbulent character so that disintegrated rockslide material may be
mixed with valley fill, thus generating an unstratified deposit that is more or less graded
according to the local circumstances (Fig. 2.8). The second mechanism can be com-
pared with the compression of a water saturated sponge: water is pressed out, and its
pressure contributes to support the mass of the slide, thus acting as a pressurised lu-
bricant in the true sense of the word (definition in Sect. 5.5).

As a precursor of this hypothesis may be considered the phenomenon designated
as “flowslide” by Rouse (1984). Based on ideas expressed some years earlier by Bishop
(1973), this mechanism is described as a “... temporary transfer of part of the normal
stress onto the fluids in the void space ...” (p. 491). This (as well as the critical com-
ments to air cushion and dust lubrication) corresponds quite well to the line of thought
presented here. What lacks, is, perhaps, a clear distinction from other fast mass dis-
placements as given in this section and complemented under Heading 5.5.

It is most essential to take into account the trivial fact that the pressurised water
tends to escape by any practicable passage. Owing to the normally reduced perme-
ability in the sole of the mass and the back pressure of the bow wave mentioned above,
the most important (though not unique) possibility of escape is lateral. If the valley is
wide in comparison with the moving mass, the lateral displacement of water will in-
duce a secondary lateral motion of the slide riding on its top. The result is lateral
spreading with a turbulent zone analogous to the bow wave (Fig. 2.7), and the forma-
tion of longitudinal cracks is probable. If, by contrast, the valley is narrow, its chan-
nelling effect reduces the possibility of lateral escape so that an ideal configuration
for retaining the water in the lubricating zone is created (Fig. 2.7). But even in such
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Fig. 2.7. Lubrication by water extruded from saturated valley fill, compressed under the weight of the
rockslide mass. For details s. Sect. 5.5. a, b Section across asymmetric valley with channelling effect and
improved lubricant sealing on the one side (a) and increased escape capacity on the other (b). Full
effects in channelling or escape obviously require symmetrical sections. ¢ Longitudinal section. v: velocity
of slide; 1: bedrock; 2: fill; 3: rockslide mass; 4: comparatively impermeable bottom layer; s: turbulent
“bow wave” consisting of water, fill, and rockslide material (s. Fig. 2.8) (sketch by Erismann)
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Fig. 2.8. Lenses of rockslide material suspended in valley fill, probably owing to a mechanism simi-
lar to that represented in Fig. 2.7¢, Item 5 (bow wave). a Almtal rockslide (Oberdsterreich, Austria,
Fig. 2.1), gravel pit of Heckenau (at right end of sketch in Fig. 2.6). b Tamins/Sésagit or Flims rockslide
(Grisons, Switzerland, Fig. 2.1), hill of Rhiziins Castle, Domleschg, about 5 km from mouth (s. sketches
in Fig. 2.6). Note indistinct gradation of fill both in a and b (photos by Abele)
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instances the continuous escaping of water cannot be sealed completely so that the
leading portion of the rockslide mass, owing to its overriding fresh portions of valley
fill, is privileged in profiting from lubrication. A consequence thereof is a tendency of
the mass to be elongated. Finally, transversal cracks may be formed before the una-
voidable collapse of pressure lubrication.

Itis obvious that in a relatively small mass like that of the Pandemonium Creek event
such pull apart structures, after having been formed in motion, tend to disappear with
fading thickness. In larger rockslides, on the contrary, impressive examples are known.
A particularly well developed piece of evidence is the young Tschirgant rockslide (Fig. 2.1,
2.6,2.9,2.10; radiocarbon age about 3 000 years b.p.; approximate volume 0.2 km?; Patzelt
and Poscher 1993) located in Tyrol (Austria) several kilometres north of the famous
Kofels area (Sect. 2.4). The evidence represented in Fig. 2.10 is situated in Otztal Valley,
somewhat upstream from its mouth. As Patzelt and Poscher have shown, the slide par-
tially had penetrated as far as that. In fact, the gravel at this site definitely came from
the Inn. Later the river Otztaler Ache cut a gorge through the mass, thus generating an
excellent longitudinal section of the deposits. From the photo it appears evident that a
transverse crack first had been opened so that a rapid water jet, carrying along gravel,
was pressed out in a vertical direction, a process that, by its safety valve function, nec-
essarily weakened (or even cut short) the lubrication. So the jet was overrun and barred
by a further portion of rockslide debris. It is nothing but natural that the material in
the arrested jet is graded according to the degree of being dragged upward by the wa-
ter (i.e. coarse on bottom). For details s. Sect. 5.7. Another impressing example of pulling
apart might be a phenomenon reported for the Canadian Nozzle slide (Eisbacher 1979b,
325): between the distal portion of the debris and the main deposits was found a gap
about one km long; and this zone of “rarifaction” was on one side flanked by - perhaps
extruded in a similar way as proposed for Fig. 2.10 - relatively fine grained material!

It is an important quality of this concept that, in advancing, the mass continuously
finds fresh lubricant, thus allowing the mechanism the ability to work over a theoreti-
cally unlimited distance under favourable conditions. On the other hand, a clear limit
to its effectiveness is given by the necessity to get through before the lubricant has been
able to escape. So sufficient velocity as a fourth condition (besides water saturation, low
permeability at the bottom, and lateral confinement) turns out to play an important
part. As far as conceivable with the information available at the present time, this thrill-
ing competition between acquisition and escape of lubricant is treated in Sect. 5.5. In
the particular case of Pandemonium Creek a further source of water may be suspected
in melted glacier ice swept along by the descending mass. How far this “single shot in-
fusion” of lubricant carried along by the mass actually did influence the run out, re-
mains an open question.

*

A useful by product of the circumstances observed in the Pandemonium Creek event
refers to the energy dissipating mechanisms.On the one hand,a run up with a high angle
of lateral deflection, wherein energy is transformed from kinetic to potential and back
to kinetic form, is recognised as an effective energy dissipating mechanism. Even if the
maximum velocity estimated by Evans and his colleagues is somewhat exaggerated (the
situation is similar to that of the Val Pola event which will be analysed in Sect. 2.5), a
reduction of velocity from something between 81 and 100 m s™! (Evans et al., 440) to
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Fig. 2.9. Tschirgant rockslide (Tyrol, Austria, Fig. 2.1), frontal view of twin scar and descent zone (bottom
of photo is practically at level of Inn Valley). Photograph taken from run-up debris barring Oetztal Valley
at a distance of about 6 km from the scar (above figure “720” in sketch of Fig. 2.6). The floor of Inn Valley,
hidden behind run-up crest,is as good as perfectly horizontal and more than 2 km wide (photo by Erismann)

38 m s and the respective energy loss between 78 and 86% (not to speak of at least 50 m
elevation lost between km 3 and km 3.9) cannot be far from reality. On the other hand,
as the energy lost owing to a partial source of dissipation necessarily is smaller than
the total loss of energy (expressed by the apparent coefficient of friction), even repeated
bobsleigh run like curves in a valley with efficient channelling qualities cannot be con-
sidered as an important energy dissipating mechanism (for details s. Sect. 5.7).

In closing the section at this point, various unanswered questions are, of course,
left aside. More detailed discussions of such questions will be found in those sections
promising the best approach for explanation, containing the most important impli-
cations of a problem, and/or offering a theoretical basis for understanding. So a short
mention of each question as well as of the section(s) allowing to dig deeper will suf-
fice under the present heading. There are the influences of sliding down on glacier ice
and being funnelled by lateral moraines in the steep initial descent (Sect. 2.7,5.1). There
is, at the end of this descent, the uncertainty in determining the maximum velocity
attained when crossing the creek (Sect. 2.5, 6.2). There is, of course, the amount to which
fluidisation of fine grained material or other trivial lubricating mechanisms may have
been active (Sect. 5.6). There are the dynamic problems of superelevation based
speedometry (Sect. 2.7, 5.7). And there is, last but not least, the dots and dashes line
in the map of Fig. 2.4, used as a basis for the respective longitudinal section and fol-
lowing - as insinuated by Evans et al. (1989, 442) - in the best possible manner the
path of the centre of gravity of the mass (Sect. 2.5, 6.3).
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Fig. 2.10. Tschirgant rockslide (Tyrol, Austria, Fig. 2.1), valley fill (dark) lifted by water jet through
pull-apart crack in the debris. South-western wall of gorge cut by the Otztaler Ache before flowing
into the Inn (protruding tongue at right end of respective sketch in Fig. 2.6). The gradation of the fill
material (coarse on bottom) is obvious (photo by Erismann)
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23
Blackhawk

In a similar way as in the case of Pandemonium Creek (Sect. 2.2) the main hypothesis
discussed hereafter is due to the existence of long run-out rockslides. The idea for the
presented solution was, however, born in the mid-sixties, more or less simultaneously
with the first attempts to discuss heat-generated lubricants (Habib 1967; Goguel 1969)
and at least 20 years earlier than Abele’s concept of compressed water lubrication. At
this time water generally was considered as a possible lubricant, but no consistent
hypothesis was at hand to explain how water effectively could contribute to reduce
the resistance of a heavy mass moving at high velocity. In addition, for the key event
of the present section the possibility of water lubrication was considered as excluded
for reasons described hereafter. So another candidate for the explanation of the long
run-out phenomenon was envisaged, namely the daring and fascinating idea of air
lubrication as proposed by Shreve (1966,1968a,1968b). It was conceived under the im-
pression of various geomorphological facts observed in the study of two rockslides
and giving a seemingly coherent image of a most spectacular mechanism that was de-
clared as having been active in a large class of slides summed up under the collective
term of “Blackhawk Type”.

Physical and mathematical fundamentals about lubrication are found in Sect. 5.5.

Fig. 2.11. Sherman rockslide of 1964, aerial view from west. The mass originated from the highest
mountain visible behind the debris at right (as it lost its top in the event, it is now called Shattered
Peak). Note the large extension of the deposits on the glacier (area of ice covered by debris is about
5km?) and the slight run-up at the extreme left (by courtesy of US Geological Survey, University of
Puget Sound, represented by S. M. Hodge)
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In a short description of the Sherman rockslide in Alaska (Fig. 2.1, 2.11) which, in
1964, after a steep descent of about 600 m, had run out on a glacier, Shreve (1966) re-
ported several interesting details. One of the most important thereof was the “... ab-
sence of large scale mixing in the motion ...” (p. 1641), a phenomenon pointing to a
remarkably moderate relative displacement between the particles in the course of their
travel. Like the size effect, Heim, in his admirable book (1932, 104-105), had discussed
the fact that rockslides, as a general rule, preserve the sequential order of their com-
ponents from the start right to the end of displacement. Anyhow, Shreve had a good
reason to assume that velocity gradients were to a high degree concentrated near the
bottom of the disintegrated mass in motion. So it appeared plausible that somehow
the mass was separated from the ground (i.e. from the glacier) by a lubricating me-
dium. It was in this publication (1966) that the possibility of air as a lubricant was first
mentioned.

It is, perhaps, somewhat strange that, with the categorical statement“Water and mud
as lubricants ... are ruled out by the subfreezing temperature at the time of the land-
slide ...” (Shreve 1966,1642), an important alternative was excluded. Probably no con-
sideration was given to the possibility of frictional heat having generated a lubricant
by melting snow or ice just at the points where friction occurred. Otherwise a simple
comparison of the kinetic energy dissipated in arresting the mass with the melting
energy of ice would have shown that the slide was able to generate about 250 000 met-
ric tons of water.

Two further geomorphological facts reported in the description of the Sherman
rockslide are worth mention in the present context. On the one hand the debris was
gradated coarse on top: boulder-sized on the surface, finer grained, tightly packed, and
relatively nonporous below (Shreve 1966, 1640). This statement, pointing to low per-
meability and low escape rate of a lubricant through the mass, obviously favours any
possible lubricating mechanism without special preference for a particular lubricant.
On the other hand, the fact that the base of the debris was, at least to a certain extent,
in contact with foliated glacier ice, might be interpreted as evidence supporting lubri-
cation by melting ice.

*

In various points the mentioned publication overlaps with two other studies in
which air lubrication was presented more in detail. One (Shreve 1968a) deals mainly
with the physical background of the hypothesis; the other (Shreve 1968b) demonstrates
its geological and geomorphological aspects in the frame of an excellent description
of the Blackhawk rockslide in Southern California (Fig. 2.1, 2.12, 2.13). Of course, the
last-mentioned article repeated the geomorphological facts pointing to an extreme
concentration of the velocity gradient at (or even below) the bottom of the moving
disintegrated mass and opposed it to a fluid-like displacement where “... average ve-
locity ... increases from zero at the bed to a maximum at the ... upper surface ...” with
the unavoidable consequence of sequence inversion (1968b, 30; for details s. Sect. 5.6).
Accordingly, in the description of the debris special attention was paid to the impres-
sion of its not having been massively disturbed in motion. For instance, it was stated
that “... color bands ... continue from clast to clast without ... offset ...” (1968b, 29) so
that the catchword “jigsaw puzzle”, already used in describing the Sherman slide, was
repeated with emphasis. As a whole the mass looked as if it had been “... moved as a
nearly undeforming sheet ...” (p. 30).
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Fig. 2.12. Blackhawk rockslide, aerial view from north. The mass originated from the noticeably
eroded mountains in the near background at right (it is difficult to judge how far the topography of
this region has been changed by tectonic activity and/or erosion since the event). Note the large
extension of the deposits in either direction (for dimensions s. Fig. 2.13). Blackhawk Canyon is vis-
ible both in the debris (ending in their protrusion at the extreme right) and in the hills. At left behind
the debris of Blackhawk those of the (older and smaller) Silver Reef rockslide (partly buried) (pro-
fessional aerial photo supplied by J. S. Shelton)

Shreve was aware of the two crucial problems inherent in the considered mecha-
nism: the necessity to “trap” compressed air below the mass and to counteract its per-
manent tendency to escape wherever possible.

The trapping was proposed as being the consequence of a large bounce: ... a huge
rockfall ... at a projecting shelf ... or sudden steepening of slope leaves the ground, over-
riding and trapping a cushion of compressed air ...” (1968b, 37). The formulation of
this “jumping hill” hypothesis betrays a gap in the line of thought. In fact, the descrip-
tion is adequate only for the process of overriding, not for that of compressing. From
Fig. 2.14 it is evident that the overridden air volume V remains practically constant as
long as the debris moves at more or less constant velocity. In other words: compres-
sion at the required scale does not take place. In such instances the causal connection
between velocity and trapped air volume (p. 38) becomes questionable, including the
subsequent speculations about possible velocities. Nevertheless it is worthwhile to
reconstruct a plausible energy line using the method of Miiller-Bernet adopted by
Heim (1932, 143~147; refer to Sect. 6.2): even with conservative assumptions (a coeffi-
cient of friction y = 0.2 during acceleration; an elevation of 25 m of the centre of gravity
with respect to the ground), correct application of the method yields a line aiming at
a point far beyond the summit of Mount Blackhawk. Taking into account that the cen-
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Fig. 2.13. Blackhawk rockslide. Map and longitudinal section. Scales for map and section are equal. De-

bris begins at the mouth of Blackhawk Canyon (around km 3.3). Assumed take off from low gneiss ridge near

km 2.8 (not perceptible in section). Lines in section: plain: section A-A'; dotted with hatching: along Black-
hawk Canyon; dots and dashes: energy line yielding v=76.2 ms™ at take-off, centre of gravity being lo-
cated 25 m above the ground and y = 0.2 during acceleration (sketch by Erismann, based on Shreve 1968)

Fig. 2.14. Compression prob-
lem in air lubrication. Rock-
slide mass crossing a “jumping
hill”. a Leading end landing;

b bulk of mass airborne;

c trailing end taking off. As
long as velocity is not drama-
tically decreasing, volume V
below the mass remains
approximately constant and no
substantial compression of the
air is possible (sketch by
Erismann)
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tre of gravity of the ready-to-move mass must have been a point of the energy line, it
becomes evident that a velocity of 76.2ms™' (250 ft s™') as proposed by Shreve is a
substantial overestimate.

In spite of such incontrovertible evidence for the impossibility of trapping and
compressing air in large quantities, the considerations following hereafter are made
as if, by some unrecognised mechanism, a sufficient volume of compressed air were
available below the debris.

Thus, concerning the second problem, air escape in a vertical direction was calcu-
lated by Shreve on the basis of a laminar flow through the pores of the mass, and the
permeability was considered small enough in view of the poorly sorted material (1968a,
653-655). Obviously it was not taken into account that conventional permeability meas-
urements are valid for stationary conditions, the material being kept together by a
standard case. Contrarily, the debris, if it were riding on a cushion of compressed air
at all, necessarily would be subjected to a two-dimensional tensile stress like an air-
supported dome and, having no tensile strength (Sect. 5.1), the interstitial voids would
rapidly be enlarged and the flow (as being proportional to the third power of the width
of a passage) would be dramatically multiplied. So the “sheet” of debris can be com-
pared with an air-supported dome consisting of a material without substantial ten-
sile strength (e.g. woven rubber band). It is needless to say that such a dome could
not be blown up properly.

With respect to lateral escape, the formation of ridges (as observed in situ),
considered as having been arrested before the rest of the mass, was proposed as a
sealing mechanism (Shreve 1968b, 39). It was omitted, however, that owing to the fast
relative shearing displacement between arrested and moving material, a complete
separation was unavoidable, thus creating a new passage for escaping air. In addition,
in order to obtain correct results, it would have been necessary to consider an escape
far beyond the laminar-to-turbulent transition. In fact, the air would, under the pres-
sure dictated by the thickness of the material, reach the sonic barrier. A calculation on
this basis (Erismann 1979, 30-33) has demonstrated the poor ability of retaining the
air under the mass even if perfect impermeability in the vertical direction were as-
sumed.

This last criticism came relatively late. It was preceded by a study in which the ques-
tion of how compression could have taken place was asked and backed up with sensi-
ble arguments (Scheller 1970, 62-65). It speaks for the suggestive power of a giant mass
imagined as “hovercrafting” on nothing but air - and perhaps also for the moderate
interest devoted to Scheller’s critical remarks as being published in a doctoral thesis
mainly dealing with other problems - that the air lubrication hypothesis subsisted for
many years as an accepted school of thought.

This is true although early doubts had come up when immense slides, considered
as belonging to the long run-out type, were found on the Moon and the Mars where
the atmosphere, if any, is obviously unable to act as a lubricant (Hsii 1975; Lucchitta
1978). Certainly the fact was not conclusive for two reasons: air lubrication might be
just one of several mechanisms giving rise to long run-out; and it was by no means
sure that those giant rockslides, occurring under extraterrestrial conditions, could
really be interpreted as genuine long run-out events. In fact, it should be taken into
account that many relations between parameters depend on the gravity of the celes-
tial body in question. To state two trivial examples: for the release of a rockslide the
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strength of equal materials is independent from gravitational acceleration while the
weight (and thus the driving force) is proportional thereto; and, of course, the rela-
tion between kinetic and potential energy shows a similar difference. So, in order to
compare comparable items, it would be necessary to know the details of a lunar slide
as well as those of a terrestrial one. Assuming, for instance, congruent geometry on
the Earth and on the Moon, a given obstacle might be cut away by the terrestrial slide
while it would stop the Lunar event owing to lack of gravitational energy transformed
into kinetic energy. Thus the comparison of rockslides on different celestial bodies
turns out to be far more intricate then it might appear at first sight.

On the basis of the above analysis it is, perhaps, superfluous to recall the trivial fact
that the air lubrication hypothesis is diametrically opposed to the size effect: a thin mass
will (if at all) be a better hang glider than a thicker one. So, after an exhaustive study
of various aspects, the authors, now standing on an even more solid ground, have noth-
ing to add to the conclusion drawn by one of them (Erismann 1979, 32-33) on the ba-
sis of a sketch corresponding to Fig. 2.14 and a tentative calculation of lateral air es-
cape: “... it is perfectly clear that the air cushion hypothesis can no longer be consid-
ered as an explanation of the observed low coefficients of friction ...”.

*

It must, however, be admitted that, if the map and the section presented in Fig. 2.13
are correct, the Blackhawk slide belongs to the long run-out type and that, for the time
being, we only know it was not lubricated by compressed air, yet we do not know how
it managed to get as far as it actually did. And it sounds like irony that strict applica-
tion of Heim’s “Fahrboschung” method (1932, 121-130; s. also Sect. 6.2) yields an over-
all slope of 0.098, substantially less than 0.13 as suggested by Shreve (1968b, 3). Any-
how, it may be useful to recall several facts, hypothetical in part, which might have
played a role.

In the first instance, it is somewhat enigmatic that in a description coming up to
remarkably high scientific standards practically no details are given with respect to
the geomorphology of release. In fact, the most relevant statement in this context is
confined to the observation that “... rapid headward growth of Blackhawk Canyon ...
undermined the overthrust block of Furnace Limestone at the highest part of the sum-
mit ridge ...” (Shreve 1968Db, 3). Now this block must have had no less than the volume
of released rock, i.e. something in the range of 0.28 km’. And the space eastward of
Blackhawk Canyon was restricted so that the material must have been piled up to a
substantial height. So far things are clear and conclusions compelling: the centre of
gravity of the ready-to-start mass must have been higher than might be assumed at
first sight. The following consideration, however, aithough plausible, is not more than
speculation.

In view of the arid climate of the region, Shreve categorically excluded any influ-
ence of water upon the long run-out character of the event (1968b, 37). This was, per-
haps, a somewhat rash dictum. With good reasons it might be asked how Blackhawk
Canyon could have grown rapidly without the influence of water.In arid areas, the rare
precipitation is sometimes particularly intense and in certain cases catastrophic. So
water lubrication, probably one of the most frequent causes of long run-out (Sect. 2.2,
5.5), cannot be ruled out a priori.

Anyhow, the “Enigma of Blackhawk” remains an enticing challenge for future gen-
erations of geologists and geophysicists.
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2.4
Kofels

The deposits found near the hamlet Kifels between Lingenfeld and Umhausen in Otztal
Valley (Tyrol, Austria) have been the object of repeated discussions in the course of
more than a century. The south-to-north course of the valley is barred by an enor-
mous mass with a volume of at least 2.1 km> (Abele 1974, 189; Fig. 2.1, 2.15, 2.16, 2.17,
2.18). The river Otztaler Ache has cut the gorge Maurach (in German “Maurach-
Schlucht”, about 500 m deep) into the material which, in the respective portion, is
heavily disintegrated, the prevailing grain size in certain locations not exceeding 2 mm.
This fact is of particular interest as most of the mass displays a very high consistency,
giant boulders being frequent, lateral slopes as steep as 40° having subsisted up to now,
and the general impression suggesting bedrock rather than debris. A counterpart to
this mass is a deep, cirque-like scar of approximately equal volume located in the slope
west of Kofels. The geomorphological appearance of a very large rockslide (by far the
largest in the crystalline Alps) is completed by a large hill-shaped tongue (Tauferberg)
which obviously was arrested at the level of Niederthai (about 1500 m), thus barring
the creek Horlach/Stuibenbach, an eastern tributary of the Otztaler Ache, and forcing
it into Tyrol’s most spectacular falls, the Stuibenfall.

In such instances it was nothing but natural that in the first scientific description
of the site (Escher von der Linth 1845, 539) the opinion was expressed that the mass
was the result “...of the collapse of near-by mountains...”. This opinion, as far as it was
at all known to the scientific world, could no longer maintain its apparent triviality
when Pichler (1863,591-594) introduced the fact that in the debris “pumice-stones” were
present, an essentially vesicular glass, later ascertained as chemically more or less iden-
tical to the main component of the mentioned mass, an augengneiss (Fig. 2.19; Ham-
mer 1924). This material, mostly porous and easy to work, was well-known to the lo-
cal craftsmen who used it to polish wood and for certain decorations. Pichler’s scien-
tific description “Die vulcanischen Reste von Kofels” (“The volcanic remnants of Kofels”)
was the first step of a long, troublesome, and sometimes dramatic journey which
yielded consistent results more than a century later. And even at the present time,
150 years after Escher’s report, the discussion about Kéfels is not entirely free from
controversy. In such instances it is, perhaps, worthwhile to give an abridged outline of
the varying hypotheses proposed, so to say the milestones of the mentioned journey.

As can be concluded from the title of his study and in accordance with the knowl-
edge available at his time, Pichler assumed that the fused rock was the result of vol-
canic activity. Trientl (1895), though presumably not familiar with Escher’s work, revi-
talised the rockslide hypothesis, postulating an enormous earthquake as a cause of
this and various other mass movements in the Otztal which, owing to its steep slopes,
is rich in such events. Like Pichler, Trientl dated the catastrophe as postglacial and
considered a volcanic origin of the fused rock as plausible, suggesting, however, an
immediate link between the earthquake and the emerging melt. So it is natural that
he expected immense new findings of pumice. But no such findings occurred, and no
further evidence pointing to a volcanic eruption was brought forth. So the unsatisfac-
tory situation remained: there was fused material, there was no stringent geomorpho-
logical evidence in favour of its volcanic origin, but no other source of energy was
known that could have melted the rock.
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Fig. 2.15, Kofels rockslide. General view from the north. Dotted lines show periphery of deposits
with the plateau of Kofels at right, the Maurach gorge in the centre, the Tauferberg at left, and, in front
of the gorge’s mouth, the separate debris of “Larchbiihl” (connection with Kéfels slide uncertain).
Arrow indicates direction of displacement (by courtesy of E. Preuss)
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Fig. 2.16. Kofels rockslide. View from the west (near Schartle Pass). The Tauferberg takes up the cen-
tre, showing the steep slope to the Maurach gorge with two bright outcrops. The floor of the gorge is
hidden by the plateau of Kofels, the hamlet being visible in the left foreground. Niederthai is in the
valley behind the Tauferberg (photo by Erismann)

Nevertheless, several renowned scientists adopted, like Trientl, though independ-
ently from him, the hypothesis of a giant rockslide having taken place (Penck and
Briickner 1909; Ampferer 1939; Stiny 1939), be it in combination with volcanic activity
or not. No noteworthy attempt was made by these investigators to introduce another
mechanism of melting.

Such an attempt was made in 1937 when Suess and Stutzer independently from each
other proposed an extraterrestrial source of energy: could the material not have been
fused by the impact of a meteorite? At first sight, this hypothesis seemed to replace the
volcanic origin by a mechanism providing ample energy and known for having generated
amorphous “impactites”in other cases. Nevertheless, the idea initially was received with
a certain reserve as not taking into account the complexity of geomorphological evidence.
On the other hand, no definite clue in favour of a volcano came forth. So the impactite
hypothesis acquired more and more acceptance and finally was considered by many
scientists as the best solution (Milton 1965; Kurat and Richter 1968, 1972; Storzer et al.
1971). Roughly speaking, it was assumed that the melt was generated directly by the
impact (the scar west of Kofels played the role of a half-crater) while the mass displace-
ment, if any, was considered as a consequence thereof. Thus the problem of melting
energy was ruled out and the general geomorphological situation seemed plausible.

*

One of the investigators who came to Kofels, the mineralogist Preuss, instead of find-

ing further evidence connected with the meteorite hypothesis, ran into serious minera-
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Fig. 2.17. Kofels rockslide. View from the east (western slope of Tauferberg, elevation about 1500 m). In
front of the dominating mountain (Fundusfeiler, 3080 m), the crest of Schartle (2088 m) makes the
impression of being somewhat “decapitated”. Note the extended sliding surfaces, visible particularly
well between Schartle and Kofels (partly hidden by trees in the foreground at right) (photo by Erismann)

logical and geomorphological inconsistencies. In a fundamental publication (1974), Preuss
not only expressed his doubts but also presented a new idea of how the material might
have been melted. Besides volcanic heat and the kinetic energy of a meteorite there was, if
any rockslide had occurred, a third source of energy, namely that of vertical mass displace-
ment in the gravitational field. The existence of large sliding planes west of Kofels (Fig. 2.17,
2.18; Preuss 1974, 3) suggested that frictional heat could have done the work.

Aware of the impossibility to deal alone with other than mineralogical problems,
Preuss associated himself with a geographer well acquainted with the Otztal (Heuber-
ger 1966, 1975). There were, indeed, various geomorphological details not fitting into
the seemingly coherent puzzle, and critical questions could be asked with good rea-
sons. How could, for instance, the entire fused rock known at the time be deposited
near sliding planes that the mass had left behind (Fig. 2.18)? It might be answered that
this material was catapulted more or less vertically and fell back just after the mass
had passed, i.e. after at least one minute (Erismann et al.1977,76). But how, then, could
the bouncing material have maintained its low viscosity (and high temperature) so
that it was able to penetrate into cracks as narrow as 2 mm (Preuss 1974, 6-9)? And
how, if it really came down in a liquid state of low viscosity, could this material avoid
being splashed around in minute drops? And where, eventually, were the remnants of
the substantial ejecta blanket necessarily accompanying the impact of a meteorite and
not likely to disappear completely in less than 9 0oo years (**C data, s. Heuberger 1966,
37; Ivy-Ochs et al. 1998)2
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Fig. 2.18. Kofels rockslide. Map and longitudinal sections (from top to bottom: before slide, assumed;
immediately after slide, assumed; at present). Scales of map and sections are equal. Debris periphery:
plain: based on evidence; broken: assumed (extension probably larger). Other lines in map: dots and
dashes: rivers; plain (with dead ends; crossing distance scale at km 4.6): gallery. A: mass ready to
move; B: steep slope; C: lower part of mass; D: upper part of mass; E: mainly pumice-like frictionite;
F: mainly glassy frictionite. Circles in A and C: approximate centres of gravity of entire mass before
and after slide respectively (sketch by Erismann)
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Fig. 2.19. Kéfels rockslide.
Fused rocks (frictionites).

a typical porous, pumice-like
piece (squares are 50 mm);

b section through specimen
showing low viscosity of melt
(thickness of gap is about

10 mm) (by courtesy of

E. Preuss)
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To obtain a complete view of the problem of frictional melting, it was, in addition,
necessary to go into tribological details and, in particular, to treat the differential equa-
tions of heat transfer and mechanical motion. So an even more interdisciplinary team
was formed by incorporating a mechanical engineer with the required experience. After
both in situ and theoretical investigations, this team treated various aspects of the fused
rock in an extensive study (Erismann et al. 1977). The following sketchy description
of the reconstructed case history is nothing but a compressed synopsis of this article.
It is well understood, however, that a substantial part of the information was taken
from the abundant literature dealing with the matter (a list of references, as far as not
mentioned in the text, is presented at the end of this section).

*

The motion of the mass, directed approximately from west to east, was initiated at
the Schartle Pass (Fig. 2.17, 2.18) where the crest, at the time, probably was substan-
tially higher than nowadays. The mechanism which triggered the release must be con-
sidered as unknown. Among other more or less speculative possibilities, the vibrations
due to the impact of a small meteorite are not excluded in this context although the
generation of fused rock is attributed to frictional heat. In this context the aspects raised
by Surenian (1988,1989) and contested by Leroux and Doukhan (1993) and Lyons et al.
(1993) are noted with interest without being discussed in further detail as not being
relevant in the present context.

In descending to the valley floor (situated at a lower level than at present, perhaps
even lower than assumed in Fig. 2.18,a hypothesis no longer excluded after geoseismic
investigations: Heuberger and Briickl 1993; Briickl 1998), the mass obviously did not
encounter massive obstacles and thus remained in a more or less coherent state of giant
blocks. After a travel of somewhat more than one kilometre, having acquired a veloc-
ity of about 50 m s™! (Erismann et al. 1977, 93-94), it collided with the opposite slope
of the valley, almost vertical and consisting of massive rock, as could be concluded
from the neighbouring topography and was confirmed by a gallery driven into the
debris in connection with a project for a hydroelectric power station (Ascher 1952).

This collision, as shown in Fig. 2.18, sheared the mass into two main parts, the up-
per continuing its motion in a partially still coherent state, the lower being arrested.
This lower part was disintegrated by two mechanisms. On the one hand the momen-
tary locus of collision, initially situated at the bottom of the mass, was displaced higher
and higher until it reached the top of the arrested part. So a continuously displaced
shearing stress divided the material into many approximately horizontal slices
(Fig. 2.20). On the other hand, as the leading portions of each slice were hammered
by the following mass against the anvil of the slope, they were smashed to small pieces,
ranging in size between few millimetres and fractions of a metre. In spite of this radi-
cal disintegration the clasts remained remarkably well “in shape”, especially in their
vertical sequence. A good example is the diabase dike in an outcrop of the Maurach
gorge shown in Fig. 2.21a. The phenomenon is, by the way, not confined to crystalline
rock as demonstrated, under quite similar topographic conditions, by a calcite vein in
the carbonate debris of the giant Flims rockslide, Fig. 2.21b. In either case, from re-
lease to disintegration, the mass had remained essentially coherent.

After this dramatic phase, the kinetic energy stored in the upper part of the mass
was dissipated in a further motion of almost one kilometre, including a run-up of about
100 m and the formation of the Tauferberg. It is even probable (and evidence in a quarry
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Fig. 2.20. Kofels rockslide. —
Collision of moving mass with
the eastern slope of the Otztal.
Schematic representation of
the mass being dissected into
horizontal “slices”. Very probably
the real process was far more
complicated owing to its three-
dimensional character and a
larger number of irregularly N RS
sized slices. Sliding surfaces
could develop almost in any
direction. Arrow shows direc-
tion of mass displacement
(sketch by Erismann)
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east of the Tauferberg backs up this assumption; Abele 1991b, 33) that valley fill has
been pushed in front of the debris (as represented in Fig. 2.7) so that the actual area
involved was larger than shown in Fig. 2.18. The same applies to laterally displaced
material after the collision with the opposite slope. For instance, the accumulation of
debris “Larchbiihel” (Fig. 2.15), about two kilometres north of the deposit might be a
last rest of such a transverse motion (although its origin from a neighbouring slide
cannot be excluded).
*

Anticipating the investigations discussed hereafter, it should be observed that, the
more the results confirmed the hypothesis of frictional heat, the more it became ques-
tionable to use existing terms for the fused rock of Kéfels. “Pumice”, as employed by
the first investigators, would point to a volcanic origin; “Kofelsit”, proposed by Suess,
had been linked to an impactite; “Hyalomylonite” would not allow for a distinction
from material of endogenous origin. So the new term “Frictionite” was introduced and
defined as “any at least partially melted products generated by friction near the sur-
face and allowing to be put down to exogenous processes exclusively depending on ter-
restrial gravitation...” (Erismann et al. 1977, 81). It goes without saying that in case of
a non-terrestrial rockslide the gravitation of the respective celestial body has to be
used.



40 Chapter 2 - Case Histories, Geomorphological Facts

Fig. 2.21. a Kéfels and b Flims
rockslides. Deposits, severely
disintegrated after collisions
with solid obstacles, yet con-
taining “in shape” dikes of
diabase (a) and calcite (b)
respectively (photos by Eris-
mann)
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Contrarily to melting processes due to earthquakes which can be deduced from
pseudotachylyte occurrences in gneissose areas (Mckenzie and Brune 1972), no pre-
vious scientifically relevant field evidence was known about rocks being fused by fric-
tional heat in rockslides. Muir (1912, 59) had spoken of falling boulders “...luminous
from friction...” in a nightly rockslide; Heim (1932, 140) knew about luminous phe-
nomena and proposed various explanations, the nearest to frictional heat being im-
pact heat; and the mention, in an old Tyrolean legend (Wolff 1977, 656-657), of light
emitted by large “landslides” (or whatever the German word “Mure” may mean in the
particular context) is most probably based on experience, but certainly not in a scien-
tific sense. So, in parallel to the work in situ, the problem was checked by extensive
calculations (Erismann et al. 1977, 84-104).It is perhaps worthwhile to outline in short
also this part of the investigation. In view of a nearly circular topography of the slid-
ing surfaces the motion was calculated as that of a pendulum with Coulombian fric-
tion as damping mechanism (pp. 84-85, 91-94). A constant coefficient of friction was
assumed. As will be demonstrated under Heading 6.2, the results of calculations on
this basis give useful, though not perfectly correct approximations of the actual ve-
locities.

The amount of energy thus becoming available was deduced from the estimates of
volume, density, and vertical displacement of the mass (pp. 79-80). The result, about
16 500 TJ, was illustrated in various manners, for instance by the explosion of a H-bomb
of 4.5 megatons, the burning of 400 kilotons of oil, or - closer to the reality in hand -
heating of 9.3 megatons of Kofels rock (70% feldspar, 30% quartz) to a critical tem-
perature of 1700 °C at which - even in the limiting case of a complete non-equilib-
rium melting of the individual phases of the host rocks - all feldspar is fused and quartz
begins to melt. It may be remarked that from this mass of rock a crystalline Cheops
Pyramid might be erected...

Subsidiary calculations of non-Coulombian resistance mechanisms were aimed at
the question of how far energy dissipation was concentrated near the sliding surfaces
(Erismann et al. 1977, 86-91). It was made evident that energy losses by aerodynamic
drag were negligible, that a “roller bearing” effect had to be excluded owing to imme-
diate and complete crushing of the “rollers” even in case of an ideal geometry (Sect. 5.3),
and, eventually, that the available kinetic energy was amply sufficient not only to sepa-
rate the mass into an upper and a lower part but also to cause the radical disintegra-
tion of the distal portion of the lower part (pp. 88-90, 104, estimated on the basis of
fracture mechanical data: Hillemeier 1976). As its main result, this thermodynamic
modeling of the event yielded the conclusion that the lion’s share of the total energy
dissipated before the collision was concentrated in the immediate vicinity of the slid-
ing surface in the form of frictional heat and thus had to be considered as a potential
means to generate frictionite.

Thus both the abundance of energy and its locally concentrated transformation
into heat were in agreement with the frictionite hypothesis. It had, however, to be as-
certained whether this energy remained near the critical zone, thus heating the mate-
rial; in fact, it might have escaped fast enough by conduction to make heating ineffec-
tive (convection could be excluded in a coherently moving mass, and radiation was
possible only at its surface). So the unidimensional partial differential equation of heat
conduction in large coherent blocks was integrated in a numerical process, using
finite time intervals and a vertical succession of finite-thickness layers (Erismann et al.
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1977, 94-99). The result was impressive: for a mass 500 m thick, as probable for the
travel before the collision, a layer of 10 mm thickness would be heated to 1700 °C
after less than 50 m travel, and even in the secondary motion after the collision (ma-
terial thickness about 125 m) the same effect would be obtained after less than 200 m.
Initiation of feldspar melting (at about 1200 °C if no eutectic phenomena are taken
into account) was obtained for distances reduced by almost 40%, and, of course,
calculation with thinner layers would have yielded melting after an accordingly shorter
travel.

It has to be observed that these calculations were based on average values of
compressive stress upon the sliding surface. They may, therefore, be considered as
conservative owing to the necessarily nonhomogeneous force distribution in the real
event: locally far higher rates of heat generation have to be expected so that, at the points
of highest compression, melting very probably took place after substantially shorter
travel.

*

After having yielded such promising results, the calculations were cross-checked by
a simple experiment. As the use of existing machines (for instance friction welding
sets as experimented with by Spray 1987) was not considered as sufficiently near to
reality, a flywheel-driven, servo-hydraulically operated, and completely instrumented
device was conceived in which a rotating ring-shaped sliding surface of Kofels rock
could rapidly (in several ms) be pressed against an equally shaped surface remaining
atrest (Fig. 2.22). The thickness of the overburden mass was simulated by the hydrau-
lic force exerted upon this “braking device”. In spite of a rather low working velocity
of about 10 m s}, the products of abrasion thus obtained from perfectly crystalline
specimens were partially amorphous and of porous appearance (Fig. 2.23). As could
be expected, the percentage of such artificial frictionites rapidly increased with the
simulated thickness.

Fig. 2.22. Section through
device for generating artificial
frictionite: 1: platens; 2: col-
umns; 3: immobile servo-hy-
draulic piston; 4: rotating
servo-hydraulic actuator (able
to apply programmed load in
few milliseconds); 5: flywheel;
6: groove for driving belt;

7: specimens (gneiss from
Kafels); 8: gripping device for
immobile specimen; 9: groove
for retaining debris (sketch by
Erismann)
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Fig. 2.23. Artificial frictionites, produced from Kofels augengneiss using device shown in Fig. 2.22.
a Specimen after test, with frictionites and gripping device; b examples of frictionites (photos by
EMPA, Swiss Federal Laboratory for Testing Materials and Research, Diibendorf)
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Fig. 2.24. Coefficient of fric- 14
tion y in function of simulated
thickness H obtained with

device shown in Fig. 2.22. 12
Circles show results of tests.
Straight line is obtained by
regression (sketch by Eris-
mann)

o
10 AN

N

08 AN

06 AN
04 0,\

o
02 \\
0
20 50 100 200 500 1000

H (m)

As an initially surprising result of the tests, the coefficient of friction was found to
decrease substantially with increasing simulated overburden thickness (Fig. 2.24). This
fact gave the investigation a new direction: it was speculated that a powerful thick-
ness-dependent mechanism of self-lubrication was active (i.e. lubrication by local trans-
formation into a lubricant of at least one of the materials undergoing friction; s. also
Sect. 5.5). Further it was reasoned that a lubrication of this kind might be particularly
effective owing to the fact that the lubricant, a viscous fluid, was produced right at the
locations where it was most needed, namely at the points of highest friction.

And, of course, the causal connection between thickness and friction was consid-
ered as particularly important. This was, at last, a mechanism clearly favouring large
events with respect to the economy of locomotion and thus promising an explanation
for the old question of size effect already mentioned under Heading 2.2 (Sect. 6.3; Heim
1932, 121-130; Scheidegger 1973). In a study aiming at a further evaluation of the re-
sults obtained from Kafels (Erismann 1979, 36-43), the question was theoretically
treated for a disintegrated mass (Chap. 4; Sect. 5.1). The author of this paper was aware
of the fact that the results, though reasonably founded as concerning the generation
of lubricant, have to be considered with a certain reserve: the assumptions required
in connection with the escape of lubricant - and in particular the granulometric pa-
rameters - are very difficult to estimate (p. 40, Item f).

*

This is true not only for fused rock but also for another mechanism discussed in the
last-mentioned publication. This second mechanism was postulated in spite of a com-
plete lack of field evidence: self-lubrication by thermal generation of carbonic acid (so
to say, a hovercraft effect). It was concluded that, in carbonate as well as in crystalline
rock, frictional heat may transform the material near the sliding surfaces. The possibil-
ity of melting, however, was left aside: the conditions required (contrarily to eutectic
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circumstances sometimes encountered deeper in the earth and known for a long time,
Wyllie and Tuttle 1960; Keller 1981), are not likely to be present in a rockslide mass of
current size. So it was assumed that carbonates, when heated to a temperature in the
range between 900 and 1050 °C (depending on the pressure), dissociate according to
the reaction CaCO;—> CaO + CO, (or another similar endothermic process, depend-
ing on the particular material). The amounts of energy required to dissociate a mass
unit of carbonate rock and to melt a mass unit of gneissic rock were compared for the
two largest Alpine rockslides (Flims and Kofels). They turned out to be practically equal
(Erismann 1979, 35). CaO is produced as a powder that, under the influence of atmos-
pheric agents, is recycled to carbonate by the reactions CaO + H,0 — Ca(OH); and
Ca(OH), + CO,—> CaCOs+ H,0. So after a short time all traces of a possible trans-
formation by heat are practically annihilated: the particular frictionite is unstable.

Only once, to the knowledge of the authors, dissociation in a rockslide could be
observed in the field. Hewitt (1988, 66), in describing three large consecutive slides in
the Karakoram, reported that his skin was burnt by touching unslaked lime. He also
observed that “...naturally generated limes in large landslides may easily go unre-
ported...”. This remark is of high value as it raises the probability of self-lubrication
by a gas - in principle, though not in the abundance of field evidence and without
experimental background - to a similar level as self-lubrication by a liquid: in both
cases lubrication is granted by the generation of sufficient lubricant; its effect, how-
ever, is difficult to quantify as the escape of lubricant depends on the permeability of
the moving mass, in particular of its bottom zone (and thus is, probably, best in case
of coherent motion, s. Sect. 5.1).

*

But even in the case of crystalline material the detection of fused rock may be diffi-
cult. As can be seen from Fig. 2.18, the hitherto mentioned findings of frictionite do
not belong to the main sliding surface. And the probability of getting at such material
without exorbitant digging is very limited: most of it is buried under a thick layer of
debris. And in case of being exposed to weathering on open sliding surfaces, porous
pumice-like rocks are subjected to fast erosion or hidden under the loose material that
inevitably follows a rockslide. So in the case of Kofels the existence of a secondary slid-
ing surface offering partial protection against such mechanisms must be considered
as particularly good luck.

Fortunately a main sliding surface was found in another rockslide of probably even
larger size. In the valley of Langtang (Himalaya, Nepal, Fig. 2.1, 2.25) an extended layer
of glassy material was investigated by Scott and Drever (1953). Uncovered by a ravine
over a length of about 170 m, it follows a slope dipping about 26°, and its straightness
makes the impression of being generated by a machine tool. The thickness of the layer
is in the range of 20 mm, and various transverse cracks are also filled with the same
amorphous material. Scott and Drever assumed displacement along a thrust - that
would be uphill - and considered the possibility of frictional heat having melted the
rock “...in a short, quick and continuous slide...” (p. 125). In addition, they speculated
about the ability of the fluid material to have acted as a solvent, thus reducing the
melting temperature by the eutectic power of dissolved water under a pressure corre-
sponding to an overburden material thickness of more than 4 ooo m.Masch and Preuss
(1977),after a visit to the site, concluded that the overburden thickness must have been
less than 1500 m and that the movement was downhill. Their statements, though for-
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Fig. 2.25. Langtang rockslide. Main sliding surface with layer of glassy, predominantly compact
frictionite. Arrows show transverse crack filled with frictionite even at a considerable distance from
the sliding surface. Note the almost perfect straightness of the surface. Division of stick is 0.1 m (by
courtesy of H. Heuberger)

mulated in a cautious manner, might be interpreted as early doubts in the tectonic
origin of the melt. Later (Masch and Preuss 1977; Masch et al. 1985; Heuberger et al.
1984) it became clear that the event of Langtang had been a very large rockslide and
that most of the debris had later been removed by a glacier.

Most of the fused rock found in Langtang is glassy with only few bubble-shaped
voids. By the end of the seventies the major part of the corresponding material known
from Kofels was porous (some pieces able to float in water). Obviously the difference
came from the different circumstances of solidification: rapidity (due to the ambient
temperature) and pressure (due to the overburden thickness). Thus it was concluded
that, as the mentioned secondary sliding in the Maurach gorge necessarily had taken
place under heavy overburden, glassy material with low porosity might be found in
the outcrops shown in Fig. 2.16. A closer inspection confirmed this expectation. So it
was made clear that, as observed in the experiment, even relatively short displacements
sufficed for the generation of frictionite (Fig. 2.26a).

More than that: the sliding surfaces found in the Maurach gorge showed the same
striking straightness in the presumed direction of displacement as those of Langtang,
thus pointing to a more general tendency of sliding masses to generate straight sur-
faces if moving more than very short distances under heavy overburden. Besides show-
ing a characteristic example, Fig. 2.26b reveals another interesting aspect: on the par-
ticular surface, sliding seems to have been arrested just at the moment when tempera-
ture had approached the lowest melting level. So the surface, instead of frictionite, is
covered with very fine sand, a few particles of which are at least partly amorphous.
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Fig. 2.26. Kofels rockslide. Secondary sliding surfaces in the Maurach gorge (s. Fig. 2.18). a Glassy,
compact frictionite. Displacement probably was across the plane of the image (s. legend to Fig. 2.20);
b sliding surface, probably represented along its direction of motion and thus perfectly straight. In
the particular case only a “sand bed” (preceding fusion) was generated (photos by Erismann)

Obviously protruding asperities, before being melted, had been sheared off and ground
to a breccia of finer and finer grain. (Erismann et al. 1977 95-96).
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Of course, it would be most interesting to know how far frictional heating is able to
transform material in smaller events than Langtang or Kofels. Unfortunately, additional
difficulties make such investigations almost hopeless. If only sand-sized particles show
traces of melting and no protection (as, for instance, encountered in the Maurach gorge)
is active, the next rain may wash away most traces of frictionite. In addition, the inac-
cessibility of promising locations may exclude an effective search. The authors and
three other scientists (Cancelli, Crosta, Masch) had to acknowledge this fact in the
course of two excursions to the Val Pola slide. For the slide of Saleshan (1983, Dongxian,
China) traces pointing to temperatures exceeding 800 °C are reported by Yin Kunlong
(1990,1769-1773). He asserts, on the basis of calculations, the existence of fused ma-
terial below the deposits. A longitudinal section (p. 1773) shows an initial thickness
far below those assumed for Kofels and Langtang (about 100 m).

*

The work of Preuss and his team was, by the way, not the first in the field of ther-
mally generated lubricating mechanisms. Habib (1967) already had pointed out that,
if water is present, vapour lubrication may take place at the best-suited points (p. 151),
that the travel necessary to make the mechanism operational may be short (pp. 152
153), and that the required velocity of displacement is far below that of a rockslide. Later
he reiterated and complemented his ideas with a special side-look to the catastrophe
of Vaiont (Habib 1975,193, s. also Sect. 2.6). Goguel, in a study on the role of water and
heat in tectonic phenomena (1969), mentioned frictional heat as energy source for both
vaporisation of water and dehydration of materials like gypsum or serpentine (pp. 157-
158). He also drew the reader’s attention to the critical pressure of 22.1 MPa for vapori-
sation, corresponding to a thickness of about 850 m for coherent rock, and thus irrel-
evant for most rockslides (p. 160). Two remarks may be useful in this context: if ample
water is present, the thermal effectiveness of the mechanisms discussed by Habib and
Goguel may be reduced by cooling; and as a rule these mechanisms do not produce
easy-to-perceive traces like frictionite so that often they may pass unreported like dis-
sociated rock.

*

As announced, this section is closed by a list of further articles connected with the
“detective story” of Kofels. Although containing valuable (and in some exceptional cases
even fantastic) information, their importance for the particular scope of the present
book is limited (s. also list of references): Deutsch et al. 1994; Hammer and Reithofer
1936; Heissel 1938; Heuberger 1996; Klebelsberg 1935, 1949; Kranz 1938; Penck 1925,
Purtscheller 1971; Tollmann and Tollmann 1994. For readers interested in the labori-
ous life of an Alpine scientist-clergyman in the 19th century Fliri’s report about Trient]
(1817-1897) is most edifying (1992 in German).
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2.5
Val Pola

The key events hitherto presented are not suspected to have done any harm to human
life or property. Blackhawk and Kofels occurred in prehistoric times when population
in the respective regions - if any - was extremely sparse; and the mountain ranges
surrounding Pandemonium Creek, in spite of their beauty, still are remote enough to
remain uninhabited and inaccessible to mass tourism. Contrarily thereto, the three
following slides - Val Pola, Vaiont, and Huascarén - represent a dramatic crescendo of
killed persons and destroyed dwellings. Obviously this tragic score is connected with
the fact that, on a world-wide scale, places of residence, under the pressure of a grow-
ing population, more and more expand into mountainous areas. How far other rea-
sons may have contributed, will be discussed in Sect. 3.1.

In the context thus evoked geomorphological evidence has to be complemented by
areview of the actions taken by persons directly or indirectly confronted with danger-
ous situations.

In the Alps the time between July 15 and 28,1987, was a period of particularly heavy
precipitation. In addition, the high temperature (freezing level above 3 500 m) entailed
an abnormal runoff from the Alpine glaciers. A great number of flood disasters and
gravitational mass movements were consequences of this meteorological coincidence.
One of the areas most severely struck was the valley Valtellina (in German publica-
tions: “Veltlin”) in northern Italy, near the Swiss border (Notarpietro 1990). To illus-
trate the general situation, only two of many reports may be cited: “...the storm of July...
that... triggered more than 500 mass movements in three left tributary basins of the
Adda...” (Crosta 1990, 247). “About 18 people were killed in this region during this time;
10 lives were lost in Tartano when a hotel was struck by a debris flow...” (Costa 1991,19).

A certain ambiguity of a dense population - on the one hand an increased number
of threatened persons, on the other hand the existence of a powerful infrastructure
assisted by an efficient geological survey - had already shown its character in the
mentioned week: no less than about 3 500 people had been evacuated, and there is no
doubt that the number of lives thus saved exceeds by far that of victims.

This situation came to a climax when, on July 18 and 19, the possibility of a far larger
event had to be faced. It “...was located on the east slope of Mt. Zandila... at the head
of Val Pola, a small steep torrent tributary to the Adda River on the west side of the
Valtellina. The entire northern mountainside is part of a large prehistoric landslide at
the intersection of two major joint sets dipping 45° and 80° into the Adda River valley
on an average hillside slope of 32°. Bedrock consists of northward-dipping isoclinal folds
of highly fractured and jointed gneiss intruded by gabbro and diorite... Heavy rain-
fall... caused flooding and debris flows in the Val Pola that eroded the north side of the
prehistoric landslide, and formed a debris fan... that dammed the Adda River. A... lake
with an estimated volume of 50 000 cubic metres and a maximum depth of 5 metres
formed... The lake was partly drained by excavation of an outlet channel..., but new
sediment was continually added to the debris fan. On July 25, geologists reported a 600 m
long crack at the 2 200 m elevation on the slope of Mt. Zandila adjacent to Val Pola. Over
the next two days, the crack increased in width, and rockfalls from the unstable
mountainside became more frequent. Between 500 and 600 residences... near the base
of the unstable slope were evacuated...” (Costa 1991).
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Fig. 2.27. Val Pola rockslide, view of descent from the east (“Plaz”). Photograph taken eight years
after event shows marks of erosion, especially in large fan on bottom (accessibility of certain sites has
distinctly changed in three years). Rhombic area on top is the scar. At right thereof, unstable protru-
sion (s. Fig. 2.33). Note essentially channel-like shape of slope (photo by Erismann)

This was the situation which, on the morning of July 28, was followed by the rockslide
of Val Pola (Fig. 2.1, 2.27,2.28, 2.29, 2.30; Cancelli et al. 1990) with an estimated volume
of 0.032-0.040 km® and a total vertical extension of about 1250 metres. In spite of the
mentioned successful evacuations in the threatened area, a toll of 27 lives was taken.
Seven of these were workers engaged in the excavation of the outlet channel - an ex-
tremely risky (not to say heroic) task under the described conditions. This risk had
been taken to prevent worse. The other victims, however, could have been saved if an
adequate forecast of the slide’s motion and its effect upon the lake had been available
in time. This is nothing but a statement of facts and by no means intended to blame
anybody for not having done the best possible to prevent damage: the persons involved,
responsible for hundreds of human lives, had to do their work under extreme stress.
Who could imagine, in such instances, that a small accumulation of water, apparently
negligible in comparison with the immense mass of rock expected to be detached a
kilometre above the valley, would play the most disastrous role in the drama? And there
was a tragic irony in the fact that just those courageous workers engaged in the reduc-
tion of this accumulation of water were first to perish.

The fatality consisted in the fact that the mass of debris hit the lake at a sufficiently
high velocity to entail a flood wave that rapidly travelled upstream. Some general in-
formation about waves excited by rockslides will be given in Sect. 7.1. It must, how-
ever, be pointed out (and was confirmed by an oral communication of Prof. Vischer,
ETH, Ziirich) that algorithms for the calculation of waves presented by various authors
(e.g. Noda 1970; Vischer 1986) are valid, as a rule, for conditions not fulfilled in the
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Fig. 2.28. Val Pola rockslide,
general aerial view from the east,
few days after event. Involved
area stained bright by debris,
mud, and water. Note resem-
blance to Fig. 2.30 and charac-
teristic details: protrusion “Plaz”
facing track; newly formed
lake at right; intact strip of
forest at left. Behind the scar
Monte Zandila (2 936 m). Low
on its slope the shadow of the
opposite range that the heli-
copter is crossing in the light
of the raising sun (photo by un-
known helicopter pilot having
taken part in rescue; by courtesy
of the former Swiss Federal
Office for Military Airfields)

Fig. 2.29. Val Pola rockslide, p
aerial view of scar with Monte
Zandila in the background.
Photo taken few days after event.
Note characteristic details: chan-
nelling geometry of lateral
surfaces, particularly well-devel-
oped on the left; beginning
erosion by two torrents; the one
at right is Pola (photo by un-
known helicopter pilot having
taken part in rescue; by courtesy
of the former Swiss Federal
Office for Military Airfields)
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Fig. 2.30. Val Pola rockslide. A: scaled down overview of involved area; white spots: damaged vil-
lages and hamlets, from north to south: Aquilone, Tirindre, S. Antonio Morignone, Poz, S. Bartolomeo,
Morignone, S. Martino Serravalle). Maps (B before, C after event) and longitudinal sections (D, E)
along dots-and-dashes lines F-F' and G-G'. Scales of B, C, D, and E are equal. Lines in maps: plain:
periphery of involved area; broken: River Adda, torrent Pola. Hatched areas in sections: mass at start;
in crossing valley; in ultimate run-up position (circles indicate approximate locations of centre of

gravity) (sketch by Erismann)
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Fig. 2.31. Val Pola rockslide. Eastern slope of Valtellina with massive protrusion “Plaz” which sepa-
rated the debris into a northern lobe at left and a southern one at right. The entire foreground is re-
arranged to warrant safe passage of Adda river and road traffic (photo by Erismann)

case of Val Pola. In fact, one of their main assumptions is that the volume of the rock
mass be small in comparison with that of the basin into which it plunges. Exactly the
opposite was the case: parts of a rock mass hundreds of times larger than the lake lit-
erally swept away the water, mixing it with mud and gravel.

Perhaps this unexpected effect would not have happened in such a dramatic man-
ner if the mass had been free to run out in ascending a gentle slope on the eastern side
of the valley. But instead there was the massive bedrock protrusion of “Plaz” that, situ-
ated in a generally steep slope and right in front of the central axis of the moving mass
(Fig. 2.31), acted like the bow of a ship and cut the debris into two lobes. Each lobe ran
up on its side of Plaz and fell back, overrunning once more the valley floor and coming to
arestwith its distal elements on the western slope again. By the way, as suggested in Fig. 2.32,
the particular geometry made the elements turn to run back more or less simultaneously
and then move rather side by side than in line. Anyhow, it is probable that the main hit
upon the lake occurred when the northern lobe slid back westward and was focused to
the lake and the village of Morignone by the concave shape of the adjacent slope.

Two geomorphological facts can be put forward in favour of this hypothesis. On
the one hand, the mass, at the beginning of its main descent, was definitely well-chan-
nelled by lateral confinements (s. Fig. 2.27,2.29, 2.30¢, 2.33). Thus lateral spreading could
not develop on a large scale until it was forced upon the mass by the action of Plaz. In
other words, it is not excluded that the mass, in rushing downbhill, did not (or only to a
small extent) hit the lake. On the other hand, clear marks of a secondary run-up can
be observed on the western slope at a height exceeding 1150 m (s. in Fig. 2.30b: pro-
trusion of involved area pointing to the silhouette A). This is exactly the location which
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Fig. 2.32. Val Pola rockslide,
northern lobe (bottom of
figure is section F-F', Fig. 2.30).
Dotted line: core of debris in
assumed ultimate run-up
position (only poor deposits
beyond dotted line). Arrows:
effective run-back on steep
slope portions. Note focusing
upon lake (location and shape
are hypothetical) and Morig-
none, as possible cause of
secondary run-up below con-
tour line 1200 m (sketch by
Erismann)

must be expected when considering the mechanism suggested in Fig. 2.32. It is con-
spicuous that the respective protrusion of the southern lobe, in spite of an approxi-
mately equal run-up height of about 1350 m, is far less prominent. This fact points to
a substantial difference which very probably was in first instance one of displaced
material: speaking in terms of energy, water moves at a lower cost than rock.

Anyhow, in spite of the relatively low velocity of running back there was ample
energy available to get as far as can be concluded from erosion and mud marks on the
western slope of the valley: initially the wave must have been about 100 m high, and
after a distance of 1.3 km some 15-20 m (Govi 1989). And even after a total travel of
2.1 km, when it reached the village Aquilone (not evacuated because of its considerable
distance from the slide), it still had the power to damage houses and to kill persons.

*

The destructive power and extreme mobility of a water-and-mud mixture, even if
mobilised by a relatively slow mass, is the first lesson to be learned from Val Pola. The
second one refers to the determination of the velocity acquired by the mass of a
rockslide.

In Sect. 1.1 the importance of reach (position of the distal elements) and velocity
already have been stressed. Both depend in first instance on the available potential
energy. This energy is expressed by mAzg where m is the mass, Az its vertical displace-
ment, and g gravitational acceleration.

Obviously the available energy also can be written in terms of kinetic energy. The
respective transformation,

v= \/(2gAz) , (2.1)
yields the velocity v acquired in a free fall over Az. In this formula, resulting directly

from Newton’s fundamental equations, the mass does not appear since both energies,
potential and kinetic, are proportional thereto.
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Fig. 2.33. Val Pola rockslide, main descending slope, view from south-east. Note lateral confinements,
crowned in the background by protrusion of dubious stability (a carefully monitored potential source
of danger). Some debris of the small lateral lobe in the forest at left emerges below the trees it was
unable to chop down (photo by Erismann)

It is a trivial fact that in a rockslide or a rockfall only part of the available energy
can assume kinetic form. The rest is transformed - directly or via intermediate states
- into heat. In other words: heat is the final effect of all forms of resistance, be it by
friction, impact, irreversible deformation or fracturing of material, aerodynamic or
hydrodynamic drag, or what else. Thus kinetic energy is nothing but energy not dissi-
pated by resistance, and at the point where the available energy is completely “eaten”
by resistance so that no energy can subsist in kinetic form, motion is arrested. This
description, though somewhat simplified in details (for instance in case of “recycling”
potential energy in running up and down a non-arresting obstacle), gives a clear idea
of what essentially happens in a gravitational mass movement. Similar considerations
actually yield the energetic basis for Chap. 5 and 6. In the present section the crucial
point consists in the fact that motion (and in particular its velocity) directly depends
on the energy available beyond that needed to overcome resistance.

In the context of endangering human life easy-to-apply methods for predicting ve-
locity, derived from post-eventum analysis, are a powerful basis for decision-making.
And the geomorphological circumstances in the case of Val Pola (Fig. 2.27, 2.28, 2.30),
in first instance the topography of its longitudinal section, may be considered as a
showpiece for how such analyses should be approached (and perhaps even more how
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they not should be approached). In addition, as compared with most other (even re-
cent) events, Val Pola is significant for the existence of maps both for the ante-eventum
and the post-eventum states. So the influence of geometric errors is relatively small. It
is, however, not the scope of a section aimed at geomorphological aspects to describe
methods of this kind in detail. So, as a working hypothesis, the physical background
of the method discussed hereafter will be taken for granted (it is presented and criti-
cally analysed in Sect. 6.2). Here only scarce remarks are made in this respect.

According to Francis and Baker (1977) the maximum velocity v, attained by a mass
between a descent (loss of altitude Az,) and an arresting run-up (gain of altitude Az,)
is obtained from Eq. 2.1 by using

Az= \/(Azl Az,) (2.2)

to calculate the potential energy remaining after overcoming all effects of resistance.
Anticipating some of the results given under Heading 6.2, this much should be said
about the physical basis of this remarkably elegant (though easy to misuse) method:
Eq. 2.2 is correct if (1) the percentage of potential energy transformed into kinetic
energy in descending is equal to the percentage of kinetic energy re-transformed into
potential energy in running up and if (2) no other losses of energy have to be taken
into account (e.g. losses in horizontal motion between descent and run-up).

The event of Val Pola, with only little near-to-horizontal displacement between de-
scent and run-up, seems to fulfil condition of (2) fairly well. And as there is no strin-
gent reason to assume substantially different mechanisms of resistance on the two sides
of the valley (disintegration took place in an early stage so that most of the travel oc-
curred in a more or less unchanged state), also condition of (1) appears to be rather
unproblematic. So it is plausible that several scientists used Eq. 2.1 and 2.2 as a basis
for an estimate of the highest velocity attained at the bottom of the valley (Volk 1989;
Costa 1991). The calculation of Az, and Az, was based, however, on the elevations of
the three following points: the bottom of the valley and, respectively, the highest points
of the head scar and the run-up. In doing so, a fundamental physical condition was
violated: any energetic calculation on a coherent body has to be made with respect to
the body’s centre of gravity. And at least in two of its relevant positions the mass, in
spite of disintegration and lateral spreading, had to be treated like a coherent body:
when starting, it actually was more or less coherent; and when crossing the valley, it
was longitudinally held together by the driving forces of its (descending) proximal
portion and the braking forces of the (ascending) distal portion. Only in running up
along curved paths on the eastern slope the elements of the mass could have lost con-
tact with each other. But even then its centre of gravity obviously could not reach an
altitude differing from that given by the kinetic energy when crossing the valley mi-
nus the sum of all resisting (potential or heat-generating) energies subsequently act-
ing upon its elements.

Now the centre of gravity of the mass never was as high as the top of the head scar,
it never was as low as the sole of the valley (not only because of the thickness of the
mass but also because of the distal and proximal ends being higher than the centre),
and, of course, it never could reach the highest position attained by the topmost ele-
ments. So, as can be seen from Fig. 2.30, the differences of altitude are cut down dras-
tically. Instead of Az; = 1150 m and Az, = 285 m the respective values are Az, = 850 m



2.5 + Val Pola 57

and Az, =93 m, thus reducing the maximum velocity from 106.0 m s1to743ms™.
Once more anticipating the results of Sect. 6.2, it can be confirmed that this reduc-
tion, in spite of the inherent weak points of the used algorithm, brings down the esti-
mate of velocity to a far more realistic level: Val Pola, without any doubt, was a very
fast rockslide, yet there is no evidence in favour of a velocity in the range of 100 ms™*
or even 400 km h™! (111 m s™") as claimed by some investigators.

The problem might pass as trivial if there were not a general tendency to overesti-
mate velocity. And the destructive power of an event is, as a rule, proportional to the
square of velocity. The fact that the prediction of a catastrophe thus will be rather on
the safe side (i.e. an overestimate), is a poor consolation; and it even may turn to the
wrong side in calculations used to establish a set of standard parameters as a basis for
a more general use. This is by no means an alarmist’s fantasy: this is, as reported un-
der Heading 6.2, exactly what happened more than 60 years ago when the first ap-
proaches were made to a physically plausible method for the calculation of velocity!
And ever since, the wrong results of these early attempts have been re-copied so many
times... It is a great satisfaction for an old rockslide-fan to observe how, step by step,
a new generation of scientists becomes aware of the difference between the periphery
of a mass and its physical centre (Evans et al. 1989, 442, though confined to Kérner’s
model, s. Sect. 6.2; Crosta 1991, 104).

There is a third lesson, somewhat hidden behind the extensive discussion that fol-
lowed the event of Val Pola. It demonstrates how carefully quantitative information
taken from the literature should be considered before using it as an argument in con-

Fig. 2.34. Val Pola rockslide, secondary run-up of water on western slope of Valtellina seen from
present valley floor, about 40 m above engulfed Morignone (Fig. 2.30, 2.31, 2.32). Peaks of run-up
reach almost another 100 m higher. Though taken eight years after event, photograph clearly shows
traces of completely annihilated vegetation (photo by Erismann)
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nection with important parameters. It also shows, by the way, that the author of a book
about rockslides is not eo ipso exempt from committing such errors.
*

The rockslide of Val Pola was one of the few events which, as having occurred in
the very heart of Europe, were recorded by a considerable number of more or less
nearby seismographs. The fact was used by some investigators (e.g. Costa 1991, 25) to
back up their assumptions about the attained velocity by referring the distance cov-
ered to the duration of a seismic signal and thus obtaining an estimate for the average
velocity. In a paper orally presented at the Deutscher Geographentag 1991 and subse-
quently published, Erismann (1992, 13-15; Kienholz et al. 1993, 306-309) used this in-
formation for a somewhat more differentiated analysis, in particular aimed at the ne-
cessity of taking into account the centre of gravity and its displacement. Later, when
analysing the seismographic records of various Italian (De Simoni et al. 1990) and Swiss
laboratories (obtained by courtesy of the Swiss Earthquake Survey at ETH Ziirich),
some doubts came up with respect to the obtainable accuracy. These doubts were con-
firmed in an oral discussion with Dr. D. Mayer-Rosa, section leader in the mentioned
survey: in spite of the fact that one of the Swiss seismographs is only at a distance of
about 30 km from Val Pola, there are at least two problematic points in the interpreta-
tion of the records. It is (1) not known how far the mass had been displaced when the
first oscillation able to produce an answer in the recorder was emitted; and (2) even

Fig. 2.35. Val Pola rockslide lake formed after the event, seen from the north (near Aquilone), several
months after the slide. At this time it still was far larger than that due to rockfalls preceding the main
catastrophe. Sliding surfaces scarcely visible in the background. At right, near the basin separated
from the main lake by a tongue, the bright traces of the secondary run-up (Fig. 2.34). In the fore-
ground at left a pumping station provided to lower the water’s level (photo by Abele)



2.5 + Val Pola 59

over so short a distance the signals, owing to reflections, are transmitted on more than
one single path, and the time required to get to the seismograph may strongly depend
not only on the length of the path but also on the material. In other words, neither the
beginning nor the end of the signal can, at least without an extended mathematical
analysis (probably by autocorrelation techniques), unequivocally be correlated with
the beginning and the end of the event.

*

On the whole the Val Pola rockslide, in spite of its tragic aspect, must be considered
as an event in which one of the heaviest catastrophes of the century could be avoided
by a remarkably efficient hazard management (Costa 1991, 26-36). And this is true not
only for the work done under the stress of immediate danger: also in the following
time the necessary actions for controlling the massively dammed river (Fig. 2.35), re-
storing traffic, etc. have been undertaken with admirable vision, skill, and energy.

Not to forget the actual stability of the slope: an extensive, mainly telemetric moni-
toring network has been installed with microseismic stations, surface and vertical
extensometers, piezometers, inclinometers, and, of course, the required processing
equipment (I.5.M.E.S. 1990, 4-11). In particular a large protrusion besides the head scar,
as being of dubious stability and thus signalling the possibility of a new (though defi-
nitely smaller) slide, is observed with due care (Fig. 2.33).
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2.6
Vaiont

The catastrophe of Vaiont, like any rockslide that takes a death toll, was a human trag-
edy. It was, however, not only a tragedy for the victims and their families: it also was a
tragedy for the experts and engineers in charge. Not many large rockslides have been
the object of such extended ante eventum studies, and, post eventum, probably no one
so mercilessly gave the lie to the authors of such studies.

In principle it is not the scope of this book to incriminate experts for not having
estimated an impending danger realistically, especially if, as in the particular case of
Vaiont, they had to deal with unexpected phenomena. Under the stress of eminent
commercial demands, decisions of great import had to be taken in connection with a
large mass of rock threatening the valley of Vaiont River (an eastern tributary of the
Piave in Valle Serpentine, Northern Italy, Fig. 2.1), and no adequate measures were taken
to protect thousands of persons. However, with future damage prevention in mind, in
spite of the just-mentioned principle, the question is inevitable how this could hap-
pen. And this question necessarily gives rise to a comparison of (1) what the experts
had expected ante eventum, checked against (2) the state of the art at the critical time
and, above all, against (3) the real course of the event.

*

Since the first decades of the century it was clear that the valley of Vaiont presented
excellent topographic and hydrologic conditions for the installation of a hydro-elec-
tric power station. In fact, it is rich in water, sufficiently voluminous and elevated to
hold a reasonably large storage basin, and it descends to Val Serpentine through a
narrow and steep gorge, predestinate for the erection of a dam (Fig. 2.36).

The stability of the slopes surrounding the basin had been examined by eminent
geologists long before the project could be started. First studies were conducted by
Dal Piaz in 1928. In spite of the care invested in such studies in the course of about
30 years, and the reassuring results initially obtained, the first tentative filling of the
basin, carried out from March to November 1960, alarmed experts and engineers: a
creeping motion of a large mass (at the time estimated to have a volume of about
0.2 km?, but later found to be even larger) was observed (Fig. 2.37). This mass origi-
nated from two cracks (partly on top of the scarps of the later event) in the steep north-
ern slope of Monte Toc and descended at a softer angle to the gorge of the Vaiont im-
mediately upstream from the dam. Shortly after this first warning, several small and
rather slow slides came down in the lower part of the mentioned slope. However, as
soon as the water level was substantially lowered, the velocity of creeping at a charac-
teristic measuring point (one of many which were observed), after having reached a
maximum of almost 40 mm day™' (up to 80 mm day ™ at other points), fell to slightly
varying values below 1 mm day™. This situation remained stable in 1961. For the ma-
jor part of that year, the water was held at a low level (about 600 m) and no further
filling took place: warned by the spectacular observations made in 1960, the engineers
of ENEL (Ente Nazionale per 'Energia Elettrica) had decided to bypass the critical
portion of the valley by a tunnel and thus avoid an inundation in case of the normal
outlet of the basin being blocked by a slide. The reduction of creeping velocity gave
the reassuring impression of a limited motion that had more or less found a new equi-
librium of driving and resisting forces.
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Fig. 2.36. Vaiont rockslide, maps (a before, b after event) and longitudinal sections (c, d). Scales of
maps and sections are equal. Maps: plain lines: periphery of rockslide area (excluding wave that almost
reached Casso); broken lines: river Pola, torrent Massalezza; dots and dashes: sections; hatched: water-
covered areas; G: rest of basin with dam (altitude of crest: 725 m); H: newly formed lake; I: main rest of
basin; J: hamlet Casso; K: piezometric hole mentioned in the text. Sections: plain lines: after event; broken
lines: before event (in gorge: level of basin); dots and dashes: approximate paths of centre of gravity
(curved) and energy lines (straight); s. also Sect. 6.2 for details (sketch by Erismann, based on Broili 1967)

In such instances it was a fatal circumstance that, in 1962, a markedly higher fur-
ther tentative filling (water level at 700 m against 650 m in 1960) resulted in a com-
paratively low second peak of creeping velocity (about 10 mm day™, i.e. almost four
times less than in 1960). So the impression of a process of stabilisation in course was
cemented, and the decision was taken to continue in a progressive filling cycle in 1963:
first the level was intended to be lowered to 650 m, then raised to 710 m. In case of
encouraging results, further cycles were provided until the elevation of the dam’s crest
at 725 m would approximately be reached. A cautious step-by-step approach with slow
raising and lowering phases in combination with draining was recommended by at least
one of the experts as the best means to gain control of the situation (Miiller 1964, 166).
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In seeming accordance with the hypothesis of stabilisation the velocity of creep,
after the water’s level had been lowered to 650 m, returned to almost negligible val-
ues. Strangely enough, the confidence thus acquired was not lost by the warning that
accompanied the rising of the water’s level: a sudden “jump” to 3 mm day™' by end of
May, 1963, followed by a continuous acceleration to 5 mm day‘1 in the course of three
months. And even in September, when the acceleration at least equalled that of 1960,
the filling process was not interrupted. Obviously nobody was aware of the possibil-
ity that the velocity of locomotion might change drastically.

*

Then, on October 9, late in the evening, a mass totalling about 0.3 km? of rock slid
down from both scars to the bottom of the valley (Fig. 2.38). Its velocity reached a
maximum more than seven powers of ten faster than the fastest creeping previously
observed (more than 20 ms™' against 80 mm day™!), and it changed completely the
topography of the valley. As far as nothing but displacement of rock was concerned,
the event took about half a minute’s time. Owing to the steep slope on the opposite
side and the moderate velocity, only low (if any) true run-up resulted (details with
respect to this last statement will follow hereafter). So the centres of gravity of the
two half-slides (Fig. 2.36, Sect. E-E' and F-F') accomplished short travels of some
400-450 m in the horizontal and 110-160 m in the vertical direction. As a result of the
steep slopes on both sides of the valley the mass was somewhat compressed in the
direction of displacement: at the distal end the horizontal displacement was shorter
(240-360 m), at the proximal end accordingly longer (500-550 m). Especially in the
eastern half-slide this fact resulted in a certain run-up or overthrust within the distal
portion of the mass (though on a far smaller scale than in the case of Kéfels, Sect. 2.4).

The slide came down in an exceptionally coherent state (Fig. 2.39, 2.40). Particu-
larly spectacular in this context was the fact that the gorge of Vaiont River, about 86 m
wide at the respective location, was perfectly bridged without large portions of the
mass falling to its bottom. Another noteworthy detail was the soil which, in spite of
the dramatic downhill ride, remained on top of the displaced mass, still bearing trees
in an upright position (Fig. 2.41), though slightly tilted as a consequence of the change
in slope.

*

All this sounds interesting, perhaps also impressing, but by no means tragic. As a
matter of fact, the rockslide proper, though it completed a tremendous work of de-
struction in making the Vajont power station useless, did neither kill nor injure any
persons. And still, in the course of this half-minute a mechanism was initiated which,
for another few minutes, transformed the neighbouring part of Valle Serpentine into
an inferno of collapsing dwellings and drowning inhabitants: one of the heaviest
catastrophes ever caused in historical times by gravity-driven masses had become
reality.

Nature and reach of the fatal mechanism behind this cataclysm were clearly per-
ceptible from its effects. The rockslide had brutally displaced the water of the basin
into which it had been partly immersed before the event and then had plunged right
from the start of fast motion. “Plunged”, however, is perhaps the wrong word as the
volume of the rockslide was almost by a factor of eight larger than that of the water
involved, thus yielding a water-to-rock mass ratio in the range of 1/20. So the water
rather was swept away than plunged into, and, as stated for the case of Val Pola
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Fig. 2.40. Vaiont rockslide.
Detail of distal deposits be-
longing to the eastern half-
slide (near section E-E',
Fig. 2.36¢). The low degree
of disintegration is clearly
perceptible (photo by
Erismann)

(Sect. 2.5), the equations otherwise used for the calculation of wave dimensions would
be useless (for details s. Sect. 7.1).

Anyhow, once launched, the water raced up the northern slope, annihilating almost
the entire vegetation on its track, but sparing most of the hamlet Casso, well 250 m
above the basin (Fig. 2.42). Then, as in the east two barriers impeded lateral spread-
ing (Fig. 2.36b, contour lines 850 and 900 on both sides of section E-E'), the major part
of the water descended to the western part of the newly-shaped valley, ran up along
the western limit of the scar, crossed the dam as a wave of more than 100 m height
without seriously damaging it (Fig. 2.41), and finally rushed down to Val Serpentine
(river Piave at 2 km from the dam and about 250 m below its crest) where it almost
completely destroyed the large village of Longarone and the smaller rural communes
of Fae, Pirago, Rivalta and Villanova, thus extinguishing about 1900 lives. The disas-
ter came too fast to allow the slightest chance of escape in the darkness of an October
night at about 22:40 hours.

To imagine the destructive power of the water two considerations may be useful. If
the assumption is made that 0.04 km® of water were displaced (Miiller 1964, 199) and
that 75 percent thereof (0.03 km?®) reached Valle Serpentine, this would mean that the
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Fig. 2.42. Vaiont rockslide,
map of area devastated by
flood wave (black silhouette).
A: Longarone (altitude 478 m);
B: Val Serpentine (arrows signal
that water moved further,
though with reduced destruc-
tive power); C: rockslide area
(corresponding to Fig. 2.36b);
D: Casso; E: area in Vaiont
Valley (slightly exceeding the
periphery of the basin) (sketch
by Erismann)

neighbourhood of Longarone (area between arrows in Fig. 2.42, approximately 2.5 km?)
theoretically could be covered by water about 12 m high. So it is not surprising that
under run-up conditions far higher traces of water are reported (70 to 9o m according
to Miiller 1964, 199). And the water jet at the bottom of a wave of 100 m, in passing the
crest of the dam, must have assumed a velocity in the range of 45 m s™, not to speak of
possible further acceleration in descending another 250 m to the bottom of the valley.

A smaller portion of the water inundated Vaiont Valley more than three kilome-
tres upstream without producing particularly spectacular damage (Fig. 2.42).

*

One of the essential intentions of this abridged case history (mainly compiled from
the particularly complete studies by Miiller 1964, 1968) was to make obvious the dis-
crepancies between expectations and reality. In fact,

11. nobody had expected so rapid a transition from slow to fast motion that no time
would be left for appropriate measures. Even for the case of a dramatic acceleration,

12.nobody had expected a velocity exceeding 2-8 m 57! (Miiller 1964, 199). As a conse-
quence,

13. nobody had expected the cataclysm of a flood wave.

It goes without explanation that the mere possibility of an event beginning as a rapid
transition from creeping to sliding and followed by an acceleration up to more than
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20 ms™}, inevitably would have implicated the threat of a flood wave which, in its turn,
would have evoked a discussion about effective measures. And such measures, as all
conceivable means of arresting or well-controlled release of the unstable rocks would
have been either beyond human bounds or too risky with a mass of such dimensions
(Miiller 1964, 166), hardly could have had other aims than large-scale evacuations.

The following discussion of the state of the art at the critical time cannot be ap-
proached without going into certain further details of both the expectations and the
case history. So this discussion rather will be a comparison within the triangle expec-
tations/state of the art/reality than a mere confrontation of two aspects. This compari-
son will be conducted according to the order of the three aspects established above
(rapid acceleration - reach and maximum velocity - flood wave) and closed by some
considerations on creeping.

The assumption of a gentle transition from slow to fast motion mainly was based
on the idea of a glacier-like creeping mechanism with visco-plastically deformed joints,
filled with clay or some other material having an essentially velocity-dependent shear-
ing resistance (Miiller 1964, 185). This assumption was questionable both with respect
to facts and to the state of the art. In a detailed study Broili (1967) came to the follow-
ing conclusions: “...intercalations will... be of subordinate importance, because... we
must take into account also the roughness...” (p. 46),“...the sequence involved in the
slide does not include any clay layers or any of those rocks that are usually considered
‘clayey’...” (p. 49), and “...the technical characters of the rocks which form the Vaiont
sequence can usually be considered more than satisfactory...” (p. 49). The remark on
P- 46 is made in connection with the statement that clayey interbeds sporadically found
in joints regularly had a thickness far below the height of asperities on the respective
surfaces. In such instances even a lubricant of high quality would remain more or less
ineffective. The consequence with respect to the material considered as a basis for a
creeping displacement is trivial: the expected material was non-existent so that the
expected sliding mechanism could not occur.

But even if the rock of the slide had been rich in clayey layers, the question of tran-
sition from slow to fast motion would have merited more attention in the reading of
the literature existing at the time, in particular of Heim’s standard work (1932) which,
in spite of its age of more than 30 years, still was one of the best references concerning
rockslides (even another 35 years later it has remained worth consultation). In con-
nection with the famous Goldau event, a slide that was released on a remarkably soft
slope of about 20° and had travelled mainly on a clayey track, Heim describes the criti-
cal transition as follows: “...motion in the scar region begins slowly, crack openings grow,
the large rock slabs... slide very slowly, then faster and faster. In Goldau many eyewit-
nesses have seen the slow sliding. Some of them could save themselves in jumping across
the lateral shearing crack...” (p. 61, translation; detailed description of the event
PP- 71-74). Especially the last statement is illustrative: motion must have been barely
perceptible if the mentioned persons dared to stand on the creeping mass; yet the ac-
celeration must have been so rapid that they had to jump, not to step for salvation.
Obviously no one of the experts was aware of this sentence when expecting a gentle
transition from creep to rush.

Once engaged in a more careful reading of Heim’s work (1932), the experts also
would have found precious information to deal with the question of reach in a suffi-
ciently accurate way to know that a heavy catastrophe could not be excluded. As a
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matter of fact, Heim gives perhaps the first list of slides with physically relevant fig-
ures (pp. 114-119), in particular volume and what he calls “Fahrbéschung” (i.e. the
overall slope, defined as the inclination between the top of the scar and the foremost
distal deposits, measured along the main track of the mass; for details s. Sect. 6.2, 6.3).
A plot of Fahrbéschung against volume (as already used for Pandemonium Creek,
Fig. 2.5) is a powerful means for the comparison of various rockslides.

*

So far for post-eventum analysis. The crucial question, however, is whether an ex-
pert well acquainted with Heim’s work would have been able to apply this knowledge
to prediction. The required line of thought in determining range probably would run
as follows:

21. recognise that danger is not excluded;
22. plot Fahrbdschung against volume from Heim’s table and - by estimation or calcu-
lation - determine an approximate value for the expected volume of 0.2 km’

(Fig. 2.43);
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Fig. 2.43. Plot of “Fahrbéschung” B; against volume V according to the table established by Heim
(1932, 114-119). Rockslides: 1: Airolo; 2: Elm; 3: Disentis; 4: Cima di Dosde; 5: Voralpsee; 6: Frank;
7: Goldau; 8: Diablerets; 9: Cima di Saoseo; 10: Obersee; 11: Kandertal; 12: Parpan; 13: Poschiavo;
14: Bérmio; 15: Glarnisch-Guppen; 16: Flims. Besides Cima di Dosde, Bérmio (both Italy), and Frank
(Canada) all events are in Switzerland. The interpolation line is a Scheidegger function (s. 6.3). Vaiont
rockslide (17) is given only by its volume of 0.2 km? (complemented by 0.1 and 0.3) as assumed ante
eventum. The entire information used was available in 1963 (sketch by Erismann)
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23. establish a representative longitudinal section for the considered half-slide (Fig. 2.44)
and use the obtained value of Fahrboschung to find out how completely the water
would be dislocated.

A reasonable prediction of velocity (as mentioned hereafter) would probably be
difficult as neither the duration of the slide nor the shape of the sliding surface (not
an easy guess under 200 m of rock) were previously known with due accuracy.

Figure 2.43 is nothing but a visual representation of Fahrboschung against volume.
The figures are plotted according to Heim’s table (1932, 114-119) without any correc-
tions, thus showing the information as it was available in 1963. Few parameters in the
table are expressed by maxima and minima instead of one single value. In such cases
the arithmetic mean values are used. To obtain a mathematically defined interpola-
tion, a log-log regression curve was calculated (s. Sect. 6.2; Scheidegger 1973). It is
obvious, however, that the result (Fahrboschung = 0.266 for a mass of 0.2 km?) can-
not be far from what would be obtained by any other reasonable method, mere visual
estimation not being excluded. The real volume and the volume when considering the
half-slide as independent event (0.3 and 0.1 km®) are within less than +10 percent
(Fahrboschung 0.254 and 0.288 respectively). Introduction of the angle thus obtained
in longitudinal sections of the half-slides (Fig. 2.44) yields the reach. The result is clear:
in both cases practically the entire volume of water within the width covered by rock
necessarily would be swept away. A flood wave was inevitable. The comparison with
the real situation post eventum shows that for the eastern half-slide the predicted reach
would have been overestimated by about 250 m; for the western half-slide it would
have been underestimated by less than 20 m. In other words: the mechanisms of the
Vaiont slide were, as concerning reach, not far from those of other large rockslides.

Fig. 2.44. Vaiont rockslide, 1500
Sect. E-E' and F-F' of Fig. 2.36
in ante eventum state. The
angle f;=14.9° (tanf;= 0.266)
of Fahrboschung, as deter-
mined in Fig. 2.43, is inserted ,
from the top of either scar
(cracks were known at the
time). Broken lines: distal
elements of the slide post
eventum. The figure shows that
on the basis of Heim’s book 500
(1932) the reach would have

been rather overestimated than 1500
underestimated (sketch by

Erismann)
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Once the dislocation of the entire water in front of the moving mass being certain,
the question of a flood wave excited by the slide needs little comment. In fact, the bare
idea of a volume, large enough to transform an area of 2.5 km? into a lake more than
ten metres deep, rushing upon Longarone in a cascade 250 m high, was in itself a suf-
ficiently serious threat to evoke activity. In addition, two events, recent at the time,
were appropriate to make aware the responsible persons of the impending danger:
the catastrophe of Fréjus in Southern France (1959) where the bursting of a dam had
taken more than 400 lives; and the publication by Miller (1960, s. also Sect. 7.1) about
giant waves in Lituya Bay (Alaska), excited by a rockslide and having left their traces
of destruction up to an altitude of no less than 530 m (1740 ft). In spite of not being
directly comparable with the rockslide of Vaiont, these events gave an impressing dem-
onstration of the destructive capacity residing in a large quantity of rapidly displaced
water.

>*

In addition to his considerations on size and reach, Heim (1932) presents two meth-
ods for the estimate of velocity post eventum. One (pp. 92—-94) is based on the determi-
nation of the time elapsing between two well-observed positions of the mass. On this
basis, and considering in first instance reports from the famous events of Elm and
Goldau, Heim came to the general statement that in rockslides velocities of 50 to
150 m s™! must be the rule. This was an overestimation as Heim assumed that the maxi-
mum velocity used to be twice the average. This relation is true for a constant-accel-
eration-constant-deceleration cycle, a somewhat too primitive schedule. So a relation
3/2 and a velocity of 30 to 100 ms™ may be considered as more realistic. The second
method (pp. 143-152; for details s. Sect. 6.2), a result of Heim’s co-operation with
Miiller-Bernet (not the expert involved in Vaiont), makes use of the potential energy
not absorbed by overcoming resistance and thus transformed into kinetic form. For
application in a particular case a vertical section is laid along the path of the centre of
gravity of the mass (“CoG path”). In this section besides the CoG path the constant-
slope line between start and end of the path (the “energy line”) is considered. Pro-
vided that the coefficient of friction is constant, the kinetic energy is proportional to
the vertical distance Az between any point of the CoG path and the respective point
of the energy line. The velocity is obtained from Eq. 2.1. It is v ="V(2gAz) where g is
gravitational acceleration.

Of course the absence of a well-founded prediction of velocity reduced the esti-
mate of destructive capacity to the formula: “a large volume of water descending from
considerable altitude”. Post eventum, however, this gap easily can be closed. In
Fig. 2.36¢ and 2.36d the required CoG paths and energy lines are inserted as well as
possible. The resulting maximal values of Az, around 27.5 m for the eastern and 22.5 m
for the western half-slide, yield velocities of 23.2 and 21.0 m s™! respectively. Owing to
the low vertical travel of the centre of gravity Vaiont was a comparatively slow slide.
And its velocity needs no extraordinary mechanisms to be explained.

Obviously there is an open contradiction concerning the assessment of velocity. And
it is difficult to understand how Miiller, who must have known Heim’s minimum of
soms”}, after an extensive study of the literature, had come to the persuasion that
“...rock-slides... varied between 0.8 and 20 m/sec...” (1964,198) and 40 to 70 m s~ were
reserved for rock-falls (whatever the terms “slides” and “falls” were standing for in the
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particular cases). So it is regrettable that the possibility of estimating the prospective
velocity by Heim’s and Miiller-Bernet’s method was at the time barred by insufficient
knowledge of the geometry. In itself, the ante eventum application of a method origi-
nally conceived for post eventum use hardly could be considered as an innovation
requiring the mental powers of a genius.

It is with good reasons that both for reach and velocity the possibility of explana-
tions within the normal range of other rockslides and without extraordinary mecha-
nisms was stressed. In fact, Miiller’s frequently repeated opinion that the velocity was
extraordinary made him suspect the existence of a particularly effective, hitherto un-
known sliding mechanism. He presented ideas of Weiss (1964), Mencl (1966), Haefeli
(1967),and Falconnier (oral, s. Miiller 1968, 83), as well as his own hypothesis of a “mass
thixothropy” or “quasi-thixothropy” (1964, 208, 1968, 85). By exception of Falconnier
who tried to establish an analogy with large subaquatic slides, the considerations of
all mentioned authors were based on the fact that friction can be reduced by shocks
(as applied when knocking at certain mechanical measuring instruments). Sources of
shocks were suspected either in numerous ante eventum earthquakes or in the collapse
of voids within the mass and transmission by shock waves either in the rock or in the
interstitial water. Later a similar (though not identical) mechanism was quantitatively
investigated by Melosh (1979, 1983) under the name of “acoustic fluidisation”. This idea
will be discussed under Heading 5.6 so that here the bare results will suffice.

Provided that the physical circumstances (above all geometry and elasticity) are
favourable, such a mechanism can, as a matter of fact, reduce friction to a remarkably
high degree. Yet this effect works only if the relative velocity between two bodies (or
two layers of a single body) is substantially lower than that observed between the co-
herently moving mass and the ground in the slide of Vaiont. So, if at all, such a mecha-
nism rather might have influenced creeping than fast motion. In light of the consid-
erations discussed here-above this result could be expected: in the presented optics,
velocity, though far higher than expected, was quite moderate and, in any case, far from
abnormal. There might, however, be some unknown mechanism hidden in the phe-
nomena observed before the stroke of the catastrophic descent.

*

In such instances a closer look to the physically relevant circumstances observed
between 1960 and 1963 is opportune. Possibly it may at least answer the question con-
cerning the occurrence of creeping without intervention of an unknown mechanism.
The topographic features of the western half-slide are particularly suited for an in-
vestigation of this kind.

As Fig. 2.45 shows, a longitudinal section corresponding to F-F' in Fig. 2.36 has,
roughly speaking, a chair-like shape with a steep “back” and an almost horizontal “seat”.
This geometry (assumed already before the slide, s. Miiller 1964, 169) allows for a sepa-
rate quantitative analysis of the known parameters, the “back” (area A, in the figure)
being the essential driving part, unaffected by the water in the storage basin, while
the “seat” has in first instance to be considered as driven and consisting of a non-im-
mersed portion (4,) and an immersed one (4;), according to the water’s level. To sim-
plify things, no special portion was assigned to the intermediate bend between “back”
and “seat” (triangles in Fig. 2.45b-d). In case of submersion the error committed
thereby is small as on the one hand friction, on the other hand drive is reduced.
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According to Coulomb’s rule (for details s. Sect. 5.4), a body on an inclined plane
undergoes a gravitational force component mgsinf} in the direction of dip, antago-
nised by a frictional force pymgcosp. Therein m is the mass of the body, g gravitational
acceleration, f the slope angle, and y the total coefficient of friction (no matter, whether
acting between mass and bedrock or being due to internal resistance within the mass,
s. Sect. 5.4). For the further analysis it is assumed that the section is representative
for a volume of breadth B, large enough to be dominant as far as release of motion is
considered. If the density of the material is d and i the ordinal index (1,2,3) of the re-
spective portion, the mass can be expressed by A;Bd, so that for portion i

F; = A;Bo;g(sin ; — u; cos f3;) (2.3)

is the total force generated by A; in the direction of dip. In order to be correct in add-
ing up the three forces F;, F,, F5 so as to obtain critical values of y;, several details of
the compound mechanism need closer consideration.

31. There are three coefficients of friction in the system, y, in the “back”, 45 in the “seat”,
and y; in the bend between “back” and “seat”. By no means are their values neces-
sarily equal. For instance, there may be pressurised water in the joint between “back”
and bedrock, a mechanism reducing the friction-generating component of weight
and thus resulting in an apparent reduction of the coefficient y,. And the rock
subjected to y;3 is more jointed than the rest of the mass.

32.In determining F; it has to be taken into account that, as a result of buoyancy
(Fig. 2.45b-d), the acting density in a submersed volume is the difference
Ad = J, - d, between d, and d,, the respective densities of rock and water.

33. Friction in the bend between “back” and “seat” is generated by the forces required
to deviate force F,. Such forces exist even if the rock is jointed before the initiation
of creep.

In a differential portion of the bend the angular difference dff between input and
output forces (F and F - dF respectively) produces a differential transverse force
dF,= Fdf which, in its turn, gives rise to a frictional reduction of F; by dF = -F,udp.
The solution of this differential equation yields the force F,; acting as a drive upon A,
and A,. This force is

Fy3=F e8P (2.4)

where A= 3, - 3; is the angle between “back” and “seat”. Of course this angle has to
be expressed in radian units (multiply by 7/ 180 = 0.01745 if angle is given in degrees).

As there are three coefficients of friction, a complete parametric presentation of
the conditions of equilibrium would lack clarity. Hence the weight of each coefficient
was assessed, and pi3 was found of moderate influence for AB= 33.5° as observed in
Vaiont: within the range 0.3 < yi;3< 0.5 force F|3 varies within about 12 percent
(0.7465 < F13/ F; < 0.8391). So a constant value of F;;=0.7915F; was obtained by as-
suming p,; = 0.4 (rather a high figure for a predetermined sliding surface as encoun-
tered in the western half-slide), and an uncertainty of £6% had to be tolerated for F ;.
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After such preliminary considerations the labile equilibrium condition could be
formulated with the variables y; and p; and taking into account Eq. 2.3, 2.4, and

F13+F2+F3=0 (2'5)
as basic condition. The critical value y,, for a given value of y,,

A M8 sin B — 1y cos By
Ay + AsAd1 0, cos P

U3, = tanﬁ3 + (2.6)

describes said equilibrium of the system between standstill and motion. With the val-
ues given for the western half-slide (B, = 37.5% B; = 4% A = 33.5° = 0.5847; Ad/ 3, = 0.6)
this lengthy equation obtains a handy form,

_ 0.483 — 0.629,
[hsc = 0.070 + A 4 —osA
and thus yields a clear answer to the question initially asked (Fig. 2.46, whereby the
auxiliary lines marking the differences between g, and p; are helpful). For instance, it
is immediately perceivable that, according to the water level in the basin, equal values
of both coefficients would lie between 0.32 and 0.36. Now for the western half-slide
the slope of the energy line was about 0.20 (Fig. 2.36d) and the estimated Fahrbéschung
0.266. In such instances there is nothing exceptional in the fact that transition from
creeping to sliding with a water level at 710 m took place with a coefficient of friction
about 80 percent above that of the energy line (and it might even be asked why the
catastrophe did not happen in an earlier stage). Like that of reach, also the question
of slow-to-fast transition needs no ad hoc mechanisms and can be explained on the
simple basis of Coulomb’s rule.
*

Here it is, perhaps, opportune to have — by way of parenthesis - a closer look at the
weak side of the most valuable source of information existing in connection with
Vaiont. The respective deficiencies can be subsumed under a slogan: extraordinary
mastery of a scientific field does not automatically include infallibility in the art of
transposing knowledge from qualitative to quantitative form (i.e. formulation of algo-
rithms). A striking example - besides the mentioned problem of velocity - is Miiller’s
(1968, 82-83) somewhat cryptic equation for the energy balance in labile equilibrium:
what has the integral of weight over the distance covered (in the used notation: dQds;
in other words: the energy required to lift the mass vertically as high as it moves ob-
liquely on the slope), to do with far smaller energies as involved in the sliding pro-
cess? It appears hopeless to re-enact what really was meant. Probably - so far a guess
seems founded - the main idea was to separate Coulombian friction between mass
and bedrock from energy losses within the mass by deformation and fracture of its
layers. If so, two points were neglected.

41. Post eventum knowledge, as far as obtained from the geometry of displacement
(e.g. Fahrboschung, slope of energy line etc.), always refers to the sum of both forms
of energy dissipation so that analogous considerations would, according to the par-
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Fig. 2.46. Vaiont rockslide, coefficients of friction y; (“back”) and p; (“seat”) resulting in labile equi-
librium according to Eq. 2.6. Coefficient y,; (bend between “back” and “seat”) is assumed to be 0.4.
Curves B, C, D correspond to respective sections in Fig. 2.45. A: No buoyancy; B: basin and ground
water at 650 m; C: basin at 650 m, ground water plane oblique; D: basin and ground water at 710 m.
Note auxiliary lines allowing to correlate 4, and p; (sketch by Erismann)

ticular circumstances, be applicable to any other rockslide used for comparison
(and represented in Fig. 2.43).

42.1t was assumed that the mass was heavily fractured (1964,185); and this assumption
appears justified if, in the course of creeping, the layers of rock first were
delaminated and then fractured in the bend (s. Sect. 3.1). Where from, in such in-
stances, could come a significant resistance of this material against deformation in
the bend between “back” and “seat™?

Another example in this context is connected with the stop of the mass on the right
bank of Vaiont Valley. On the one hand, maximum velocities of 25 to 30 m s (1964,
179, 198, 1968, 83) are stipulated, on the other hand a run-up height of 140 m (1964,
188) is claimed. This statement might be understood as if there had been a true run-
up, with corresponding vertical displacement of the centre of gravity, requiring (even
under frictionless conditions) a velocity of at least 52 m s™'. The real mechanism prob-
ably was a far less dramatic one: the layers of rock, separated beforehand by
delamination, may have run out in relative displacement to each other as schematically
shown in Fig. 2.20 for the case of Kofels.
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Closing the parenthesis, it should be observed that the conclusions about the slow-
to-fast transition do not refer to the creeping mechanism proper. It would not be op-
portune to extend this long section even more by going into all details of creeping.
Nevertheless, Vaiont is remarkably well suited to demonstrate some important circum-
stances of rock-on-rock creep. Therefore several thoughts should be anticipated from
the more careful analysis in Sect. 3.2. Most imaginable mechanisms, once launched,
show a tendency to accelerate irreversibly. So the central problem is the modeling of
amore or less stable creep of rock on rock. Coulomb’s rule alone demands acceleration
as soon as the increased friction of standstill is overcome, and single crack propaga-
tion as well as progressive failure, when occurring under constant force, necessarily
lead into complete failure. So, in order to remain stable, rock-on-rock creep requires
“auxiliary” means. And the most probable quality of such means is to act in a peri-
odic (though not necessarily regular) manner. The mechanism suspected to have
worked in Vaiont is the precipitation-dependent joint-water pressure.

To exemplify the effect of joint-water pressure in a drastic, though notoriously un-
realistic manner, Fig. 2.45f shows the section of the western half-slide with so dense a
system of voids that practically the entire bottom surface of both “back” and “seat” is
contacted by water. If, in addition (and to bring unrealism to the limit), all voids were
hydraulically interconnected and the water supply (on top) able to compensate for any
existing leakage, the entire mass of the slide would be subjected to buoyancy. And as
rock would fill less than 35 percent-of the volume indicated by broken lines in the fig-
ure, the entire mass would become waterborne! Figure 2.45g makes this seemingly
absurd statement plausible by mirror-imaging the section and thus giving it the as-
pect of a somewhat queer-looking cross-section of a ship-hull. In continuing this
mental experiment and turning back to the single-sided version, one could ask what
would happen to the mass if it remained coherent and undistorted in spite of having
been lifted. The answer would be a trivial one. First of all, owing to the lateral compo-
nent of pressure, especially at the “back”, the mass would be lifted obliquely instead
of vertically. And then, the passages available for escaping water having dramatically
exceeded the capacity of any conceivable supply, the entire mass would fall back after
a ridiculous little jump ...

What obviously is nothing but a fantastic mental game for a mass of 0.3 km?, may
perhaps have functioned locally on a drastically reduced scale. In various manners
(Sect. 3.2; Hubbert and Ruby 1959; Ruby and Hubbert 1959 - once more a study avail-
able in 1963!) water pressure may have displaced comparatively small slabs, thus in-
troducing seemingly insignificant changes in the distribution of forces. And local water
pressure, the cause of each minute displacement, immediately would have been anni-
hilated by the escape passages it had created in generating motion. In its vicinity, any
such incremental event would have either reduced the ability to support overthrust
weight, or it would have increased the weight supported by elements located below
(Hutchinson and Bhandari 1971). Eventually, many small changes would have resulted
in a perceptible displacement of the entire mass. So it becomes plausible to consider
creep as a step-by-step motion, not as a continuous one, whereby mainly the “back”
would have played the part of a driving motor according to the balance of water sup-
ply and escape.

In the steep slope of Monte Toc the supply of water to the “back” obviously was in
first instance a function of precipitation. So it cannot be excluded that, while buoy-
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ancy reduced the resistance of the “seat”, precipitation, by “pressure-lubricating” the
“back”, increased its push for the short duration preceding local pressure collapse.
And it is perhaps more than pure coincidence that all three phases of creep in Fig. 2.37
not only are correlated with peaks of water level in the basin but that they regularly
follow peaks of precipitation. In fact, a step-by-step calculation of the product of pre-
cipitation and water level (the former with 30 days time lag) yields impressive peaks
correlated with the periods of creep (Fig. 2.37d).

In this context a remark should be made concerning buoyancy in 1960. The respec-
tive peak of creep velocity looks undersized in comparison with those of 1962 and 1963.
Of course, this discrepancy may be explained by the random character of the assumed
process of locomotion: creeping velocity must be considered as the result of a com-
plicated interaction between numerous local parameters. It was, however, observed
that in 1961 the ground water level sloped so as to hold at least 680 m in an appropri-
ately located piezometric hole (Fig. 2.36, 2.37b) while the level of the basin was below
650 m. It is not excluded that this phenomenon (which disappeared in 1962, the level
in the respective hole henceforth following more or less exactly that of the basin) al-
ready had existed in 1960 so that not alone the level of the basin but also that of the
ground water had determined buoyancy. If so, the peaks for 1960 in Fig. 2.37 (b, d)
would be higher, thus backing up the hypothesis of interaction of buoyancy in the “seat”
and pressure lubrication in the “back”.

*

In closing this section it is essential to point out what has been proved and what

not.

51. On the one hand, it has been proved on the exclusive basis of ante-eventum infor-
mation that neither creep, nor slow-to-fast transition, nor reach need exotic mecha-
nisms to be explained.

52.In addition, it has been proved on the basis of post-eventum information that also
fast motion as observed could have occurred without exotic mechanisms.

53. On the other hand, it has not been proved that none of the mechanisms proposed in
the literature could have contributed to the final result.

However, it should perhaps be recalled that, as a general rule, an explanation by
mechanisms known as being valid from a large multitude of observations has a better
chance of being correct than one by mechanisms more or less created ad hoc.

The literature dealing with Vaiont is abundant, and here-above only the studies di-
rectly interesting in the present context have been mentioned. For digging deeper the
following publications might be useful: De Nardi (1965); Ente Nazionale del’Energia
Elettrica (1964); Kenney (1967); Kiersch (1964); Schnitter and Weber (1964); Selli and
Trevisan (1964a,1964b); Semenza (1966-1967). Unfortunately some important reports
have remained unpublished, in particular the geological investigations by Dal Piaz
(1948,1953,1960) and seismic tests by Caloi and Spadea (19604, 1960b, 1961,1962). To a
certain extent, the results thereof are reflected in Miiller’s (1964,1968) and Broili’s (1967)
studies.
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2.7
Huascaran

In human history, if volcanic phenomena are excluded, no catastrophe due to the down-
hill motion of gravity-driven masses can be compared with the event of Huascarén.
And it is definitely improbable that in prehistoric epochs one single mass displace-
ment ever could have taken more than 18 ooo lives. Where did exist, in those early times,
a sufficiently dense population of homo sapiens to provide the victims for a disaster
that took its origin at an elevation of, roughly speaking, 6 ooo metres?

The involved mass, though by no means exorbitant in volume, moved, at least in
certain phases, at an unparalleled velocity. And this fact gives the possibility of scien-
tific investigation “in extremis”, a field of particular interest from the physical point
of view and, as can be seen hereafter, also seducing to speculation by the thrill of pre-
viously unknown dimensions.

Were it not for this particular fact, the mention of the Huascardn event might be
considered as questionable in the frame of a book aimed at rockslides and rockfalls.
Itis with good reason that in the literature a reluctance to use the wording “Huascardn
rockslide” can be observed (various combinations with “avalanche” prevail in Eng-
lish, in German also the word “Mure” has been used, pointing to a large amount of
water being involved). What was it really? Rocks, of course, took part in the motion
and probably constituted a major part of the mass; but there also was water (be it in
liquid state, be it as ready-to-melt snow or ice) in sufficient quantity to form mud with
rock powder and soil. So, looked at from the viewpoint of displaced material, the event
was a combined phenomenon and its character is not easy to characterise by one sin-
gle word.

On the other hand, the Huascardn event not only offers an excellent possibility to
study mechanisms connected with high velocity: it also makes available certain clues
for a quantitative approach. So there is a basis for investigating the interaction between
velocity and other phenomena in a well-founded manner, and the mentioned reserve
has to be disregarded in view of opportunities that exist only in this particular case.

Yet, before providing a short description serving as a background for further con-
siderations, it has to be pointed out that the catastrophe of May 31, 1970, was not an
event that changed once for ever a situation, thus excluding further danger. On the
contrary, it was preceded by at least two similar events at the same location. One of
them, so to say a reduced-scale forerunner, came down on January 10, 1962. In spite of
being eclipsed in practically every respect eight years later, it has to be regarded as a
heavy disaster of its own right; and if it is not discussed hereafter in more detail, this
is exclusively due to the fact that the most interesting mechanisms were more clearly
developed (and left more conclusive traces) in 1970. The deposits of the other (pre-
historic or, at least, pre-Columbian) predecessor, however, spread wider and reached
farther than those of both modern events (Plafker and Ericksen 1978, 310-311;
Stadelmann 1983, 66-69)!

* ‘

Motion took its origin at the west face of Nevado Huascardn Pico Norte (6 654 m,
Fig. 2.1, 2.47, 2.48), the lower summit of the highest mountain in the Cordillera Blanca
(Huascarén Pico Sur is 6 768 m high) where a hanging glacier reaches an extremely
steep wall (about 60° over a difference in altitude of 700 m). The occurrence of more
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Fig. 2.49. Huascardn event, headscar and steep wall. Broken line shows approximately the periphery
of the displaced material. The photo, taken soon after the event, clearly illustrates the difficulties
encountered in estimating the initial volume of the mass (by courtesy of W. Welsch)

or less regular icefalls is nothing but normal in such instances. More than that: the strata
of the wall, dipping west and not free from approximately vertical joints, favour the
casually simultaneous release of ice and rock (Fig. 2.49). Normally, however, such events
remain on a comparatively small scale so that no harm is done to inhabitable regions.
To generate the catastrophic event of 1970, a particularly powerful trigger was required,
able to mobilise material that, in the ordinary course of things, would have been de-
tached over a period of dozens or hundreds of years. This trigger was the heaviest earth-
quake known in the history of South America (s. Sect. 3.2; Kérner 1983, 78-79).

The mass was released in a zone of elevation between 5600 and 6200 m approxi-
mately. These figures are a compromise between the results obtained, after careful ob-
servation, by Welsch (1983, 42-43, and map, scale 1: 25 000) with a rather narrow range
of elevations, and Plafker and Ericksen (1978, 284-285) with a wider one. The uncer-
tainty thus signalled is due to the lack of photographs allowing for sufficiently accu-
rate photogrammetric comparison of contours before and after the event: terrestrial
pre-event photos, taken from Cordillera Negra, are handicapped by the shortness of
the available basis. The same uncertainty is valid for the volume of material released
at the start: for rock the estimations (in cubic kilometres) vary between 0.007-0.008
(Lliboutry 1975, 358) and 0.050-0.100 (Plafker et al. 1971, 550); the respective figures
for ice are 0.001 (Lliboutry) and 0.005 (Plafker et al.).

If the accessible solid constituents of the debris are considered (according to Plafker
and Ericksen 1978, 297-298, the material deposited was “... mainly mud and boul-
ders...”; ... boulders and angular blocks of rocks... appear to constitute 10-50% of the
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total volume...”), an initial volume of 0.050 km?® mainly consisting of rock, is more
plausible than the idea of Ghiglino Antunez (1970, 87), suggesting a small mass at the
start (rock and ice in a proportion of 0.005 to 0.009 km?), later subjected to certain
losses and a tremendous growth, finally resulting in 0.053 km® of rock, moraine, ice,
snow, and soil. It is, in fact, not very probable that, in an event moving at a top velocity
exceeding 100 m 5™, a small initial mass might have been able to accelerate so large a
secondary mass without a substantial loss of kinetic energy (i.e. velocity). In addi-
tion, Plafker et al. (1971, 553) showed that a moderate percentage of water was suffi-
cient to form mud with the fine-grained material. So hereafter a starting volume in
the range of 0.050 km’® will be assumed as a working hypothesis, not excluding a pri-
ori the possibility of a smaller (or even a larger) mass.
*

After having been detached from its original position, the mass descended along
the mentioned wall as a rock-and-ice fall. If its centre of gravity (CoG) initially was at
5900 m, and at 5325 m when hitting the so-called “Glacier 511” (Fig. 2.48D), and if a
horizontal travel of 400 m and a coefficient of friction of 0.25-0.5 are assumed, the
velocity at the foot of the wall must have been something between 86 and 96.5 m s™!
(s. Sect. 5.3 and mark the characteristic of a very steep slope: moderate influence of
friction upon the velocity attained). To complete the information: free fall over an equal
differential altitude would have yielded 106 m s (Eq. 2.1).

For the further development of motion the fact was essential that, after the almost
vertical fall, the transition to Glacier 511 was continuous enough to preserve a substan-
tial part of the kinetic energy of the mass. Still the impact must have been a massive
one: after the event, on the surface of the glacier concentric circular striations were
observed, for the origin of which Welsch (1970, 42) offers two possible explanations,
namely erosion by the moving debris or shock-waves having caused a plastic defor-
mation of the ice. If the last-mentioned hypothesis is correct (a third one might be
rebounding of debris after the impact), this would - besides the cloud seen and the
bang heard by many witnesses - be strong evidence for a powerful impact. Anyhow,
the main part of the mass slid down on the moderately steep glacier (average slope
angle about 20°), and very probably under its weight ice and/or snow melted by fric-
tion, thus providing a self-lubrication in which the weak point of water as a lubricant,
its fast escaping due to low viscosity (Sect. 5.5), was counterbalanced by immediate
generation of new lubricant exactly at the locations of highest friction. The process
was enhanced by the weather: it was a particularly hot day with temperatures in the
range of +15 °C at an altitude of almost 4 000 m (Stadelmann 1983, 57). So it is prob-
able that the three kilometres on Glacier 511 (Fig. 2.48, section A-A', km 0.6-3.4) re-
sulted in acceleration and, perhaps, made up for the kinetic energy lost in the impact.

A seducing circumstance is given by the slight curve to the left that the mass de-
scribed in passing over Glacier 511. Indeed, curves may offer possibilities for determin-
ing velocity as mentioned in the case of Pandemonium Creek (Sect. 2.2) and treated
later in more detail (s. “Shacsha Narrows” hereafter; Sect. 5.7; McSaveney 1978, 227;
Evans et al. 1989, 436-443). Korner (1983, 96-97) presented a calculation of this kind,
based on the equation developed by McSaveney for a mass moving in a direction be-
tween strike and dip on an inclined plane surface. The result, if sufficiently reliable,
would offer a useful hint to the energy loss suffered in hitting the glacier. Unfortu-
nately, a closer inspection of the contour lines of Fig. 2.48 (and the map, scale 1: 25 000,
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of the book containing Welsch’s and Kérner’s articles) shows that the actual direction
of displacement did not significantly deviate from that of dip so that Kérner’s approach,
in spite of yielding a plausible result (291 m s1), is revealed as not sufficiently well
founded.

Anyhow, the motion on Glacier 511 not only must be regarded as one characterised
by low resistance: the large amount of water (no matter how the respective snow had
been melted, be it by impact, by friction, or - at least partially - by solar heat), neces-
sarily swept along by the mass, in presence of fine-grained material obviously started
the formation of mud. So it was on the glacier that parts of the mass assumed certain
properties normally attributed to mud flows, and also in its further course low resist-
ance could be expected.

*

The lowest tongue of Glacier 511 and the following track were confined by high and
steep moraines forming a funnel (Fig. 2.50), wide at the entrance (almost 700 m at
4500 m,km 2.5in Fig. 2.48) and relatively narrow at the end (not even 300 mat 3 700 m,
km 4.1). This funnel has given rise to the idea that it locally had accelerated the mass
or parts thereof to a velocity exceeding 1000 or even 1150 km h™! (almost 280 and
320 ms™' respectively), the last-mentioned being approximately sonic (Plafker and
Ericksen 1978, 304-305). To obtain a founded judgement concerning such an accel-
eration, with good reason described as puzzling by the cited authors (the kinetic en-
ergy at 300 ms™' corresponds to that acquired in a free fall of almost 4600 m in
vacuum!), it is useful to discuss the possibilities of the Venturi effect.

When passing through a bi-conical tube, a quasi-incompressible gas or a liquid can
reach in the locus of smallest cross-section a velocity exceeding by several times that
at the wider entrance (Fig. 2.51). The extra energy required to materialise this phe-
nomenon, the so-called Venturi effect, is taken from the pressure in the fluid. In other
words: the pressure in the narrow section necessarily is lower than that at the entrance,
and the fluid would be unable to overcome the surrounding pressure, if it were not
re-pressurised in an appropriate manner after having passed trough the narrow sec-
tion (otherwise the possibility of a first order perpetuum mobile would be demon-
strated...). As the figure shows, in technical applications (increased velocity in wind
tunnels and low-fall water turbines; increased power for driving gyroscopes in air-
craft) this problem is mainly solved by a very gentle widening of the outlet section.
The efficiency of such equipment depends to a high degree on the care applied in
designing this “diffuser” (widening part of the device). The effect can be generated
also in other than spherical sections, for instance between two wing-shaped bodies.
But then it fades out near the wing tips and a reasonable acceleration only can be ob-
tained if the “wing span” from root to tip is sufficiently large in comparison with the
gap between the wings.

When applying to the Huascardn event these physically based and technically well-
tried considerations, it becomes obvious that none of the enumerated conditions is
fulfilled to a degree promising any hope for massive acceleration. First of all, the hy-
drostatic pressure in the material has to be compared with the energy required for
acceleration, expressed in potential form, i.e. about 4 600 m of vertical travel. Now, on
the one hand, from the start to the narrow passage at the end of the funnel the CoG of
the mass had made a vertical travel not exceeding substantially 1800 m so that - even
in a perfectly frictionless ride - a deficiency of around 2800 m would remain. On the
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Fig. 2.50. Huascardn event, upper half (s. also Fig. 2.47). From top to bottom: traces in the almost ver-
tical wall; funnel-like shape of the moraines below snow-covered Glacier 511; complex topography of
the following area of (from the left to the right) Huashau, Quebrada Shacsha (half hidden), Quebrada
Armapampa (with sharp curve at left), and Quebrada Incayoc; gorge of “Shacsha Narrows” with
superelevation marks mainly on the right (orographically left) side; at the bottom, begin of bifurcation
marked by excessive superelevation on the left and (less relevant) on the right (by courtesy of W. Welsch)
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Fig. 2.51. Venturi pipe. In [ ——

passing through the inlet
conus (arrow shows direction),
the moving fluid gains
velocity v. The required energy

is obtained by a reduction of A
the fluid’s pressure p. In the N
gently widening outlet conus /! NN
(diffuser) the inverse process / NN
(loss of velocity, gain of /
pressure) is accomplished with .
low energy loss. Efficiency
depends on careful shaping v
(sketch by Erismann)

other hand, the hydrostatic pressure in the material cannot exceed the figure given by
its thickness of, say, 100 m. The comparison of this moderate value with 2 800 m makes
any comment superfluous: the water in the mass would have been evaporated long
before a non-negligible acceleration had taken place. And even if the thickness had
been substantially higher than assumed, the geometry would be far from meeting the
conditions of a Venturi effect that might count: the lateral moraines are low in com-
parison with the distance in between, and not even a rudimentary diffuser can be
observed. So there is only one possible conclusion: the Venturi effect, if any, was defi-
nitely moderate, and at the end of the funnel the velocity was far from attaining that
of free fall (not to speak of equalling the velocity of sound). To conclude this line of
thought, it should be noted that an accelerated motion in the funnel is not at all ex-
cluded: both the channelling effect (as discussed under Heading 5.1) and the above-
mentioned consequences of ample water supply for lubrication and/or mud genera-
tion are strong arguments in favour of a low resistance. Still, in spite of remaining
moderate, this resistance was opposed to acceleration and not increasing it...
*

The physically founded limitation thus resulting for the maximum velocity has more
than a purely academic significance. It helps to answer the question of where the boul-
ders came from which, after having crossed Quebrada (valley) Shacsha in prodigious
bounces, bombarded the hamlet Huashau and killed an unknown number of persons.
Perhaps it would be more correct to say that this limitation, by excluding certain take-
off locations, answers the question where-from these boulders and the mud accom-
panying them could not have come: they did not come, as assumed by Plafker and
Ericksen (1978, 288-292), from the moraines confining the lower part of the funnel
on its north-western side. They simply had not the kinetic energy required for a bounce
in the range of at least 3500 metres. Readers desiring to dig deeper are referred to
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Sect. 5.3 where they will find the necessary mathematical tools and the take-off ve-
locities calculated for various presumable “jumping hills”. In anticipation of such de-
tails it should be mentioned that Kérner (1983, 96-99), in citing the study of Plafker
and Ericksen, must have had a good (though unmentioned) reason to speak only of
bouncing distances up to 1000 m and a velocity of 119 m s™%. If the remaining uncer-
tainties are taken into account, these figures are in reasonable accordance with those
presented in Sect. 5.3.

In considering the mechanisms of giant bounces a further interesting fact should
be mentioned. According to the statements of witnesses, more or less regularly a splash
of mud preceded the landing of blocks. From the mud-free “shadow” generated by ob-
stacles of known height, Plafker and Ericksen (1978, 288; 291) found out that the angle
of incidence of this mud was lower than that of the boulders (8-13° against 15-30°).
The conclusion drawn therefrom was that the mud had accomplished remarkably flat
trajectories at very high velocity. This conclusion cannot pass uncommented. In
Sect. 5.3 it will be shown that boulders larger than a certain size (say, 1 m diameter)
bounce in air almost as far as in vacuum. For small and relatively light particles like
drops of mud this is not the case, and aerodynamic forces have to be taken into ac-
count. And as the motion of large blocks - especially if simultaneous bounces of sev-
eral blocks in a dense cluster are considered - necessarily must have excited mighty
gusts, also the effect of such phenomena has to be accounted for. Although a detailed
analysis of this marginal mechanism would exceed the limits of the present book, it
has to be pointed out that the splashing of mud essentially was not the result of self-
contained bouncing but rather one of being dragged along by air which, in its turn,
was mobilised by bouncing blocks. To quote a clue: in Fig. 5.10 trajectories of stones
from o0.01 to 1.0 m diameter are compared. How far would a drop of mud get without
external drive coming from a more powerful partner? And it is needless to say that, in
the process of landing, a boulder may displace air both in the sense of preceding it
and of straightening the apparent trajectory of a comparatively light object (Fig. 2.52).

In showing that bounces of several kilometres were excluded by physically stringent
circumstances, the necessary “jumping hills” must be found below the funnel. So the at-
tention inevitably is focused upon the central portion of the track (Fig. 2.48, km 4-8;
Fig. 2.50) where the mass spread to the extraordinary width of approximately 4 km
with splashing zones on both sides. As Fig. 5.10 shows, opportunities of launching
blocks were present at so many locations that in one single straight section more than
one thereof can be presented. This was due to the high volume displaced in 1970: the

Fig. 2.52. Landing of boulder
after giant bounce (bold arrow
shows direction of displacement).
Accompanying air (“bow wave”
gust, boundary layer) containing
fine drops of mud is blown away
when the gap between boulder
and ground dramatically decrea-
ses (fine arrows show approxi-
mate directions). Part of these
particles necessarily overtake
and thus precede the boulder
(sketch by Erismann)
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event of 1962 remained within the narrow limits of Quebrada Armapampa (Fig. 2.48F')
while in 1970 the debris, overflowing the banks of this valley and the adjacent uneven
area, eventually reached the slopes beyond the steeper Quebrada Incayoc (Fig. 2.48F).
This fact throws some light on the general shape of the descending mass: if it had been
3 or 4 km long and accordingly slender when leaving the funnel, it might have been
split up into an Armapampa and an Incayoc arm, but it not would have “flooded” an
area of 7 or 8 km? (a rudimentary motion in this sense was arrested after some 400 m
in1962,s. Fig. 2.48, near km 5). Leaving aside considerations about dynamics, Quebrada
Armapampa was sufficiently voluminous to accommodate almost 0.1 km? at once. So
it is very probable that in 1970 the mass came down in a more bulky shape (this hy-
pothesis is backed up by the overflow on the orographically right side of the funnel).
Furthermore it is probable that still a large portion of the debris followed the course
of Quebrada Armapampa and that, as a whole, a considerable percentage of the ki-
netic energy was lost, be it in the sharp right-angle curve of this valley, be it in the
general consecution of ups and downs, be it, finally, by collisions of formerly sepa-
rated portions and/or jamming before entering Quebrada Shacsha (Fig. 2.50).
*

This relatively narrow passage, in the following referred to as “Shacsha Narrows”
(an unofficial denomination used exclusively in the present study), will turn out as
being of particular importance: here the fate of Yungay was sealed by an intricate con-
figuration of mechanisms which enabled part of the debris to overrun the ridge of
Aira, thus bifurcating the mass into a smaller “Yungay lobe” and a larger “Matacoto
lobe”. Once more it will make sense, in view of such ill-fated importance, to antici-
pate some results of more systematic deductions presented later in this book (Sect. 5.7).

To yield its disastrous issue, a certain portion of the mass (i.e. the prospective Yungay
lobe) had to be brought somehow into a markedly superelevated position with respect
to the rest. The kinetic energy thereby spent had to be small enough to keep said por-
tion able to overrun, in a second phase, the slope separating it from the crest of the
ridge. So the very key to the subsequent phenomena lies in the topographic course of
Shacsha Narrows. Slightly meandering, as it is, it necessarily implies centrifugal forces
acting to and fro. As a consequence, the mass, forced into a motion superposed at right
angles to the general course of descent, behaved, so to say, like a pendulum riding on
a descending vehicle and suspended to oscillate laterally. Mechanisms of this kind may
accomplish spectacular (and sometimes unexpected) motions if excited so as to boost
amplitudes by the interaction between the succession of exciting forces and the natu-
ral frequency of the pendulum. More physical details and some easy-to-follow exam-
ples are presented in Sect. 5.7.

Quantitative analysis is, besides the difficulties enumerated hereafter, complicated
by an annoying fact: no reliable estimates of velocity are available in the literature. There
is, of course, Kérner’s remarkable pioneer study (1983, 97; 99) resulting in a value of
66 ms™ near km 10.4. Kdrner actually was first to trace systematically all available
possibilities of determining velocity and thus to insert a speedometric diagram into
a set of comparatively reliable points of reference. This endeavour deserves high es-
teem despite the fact that, in a particular case, the chosen approach may have been
questionable. In fact, to obtain a velocity-relevant difference of elevations at the end
of Shacsha Narrows (Eq. 2.1), Kdrner subtracted the approximate altitude of the sur-
face of the mass at km 10.4 (altitude 2 800 m, valley floor 2700 m, s. Fig. 2.48) from
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Fig. 2.53. Huascar4n event, “Shacsha Narrows” (unofficial denomination used exclusively in this book).
Enlarged map and, on equal longitudinal scale, main parameters. Map: x: distance in abscissa direc-
tion; vertical grid: cross-sections, partly shown in Fig. 2.54; bold dotted lines: periphery of debris;
plain polygonal line with dots at intersections with grid: actual path of cross-section’s centre of grav-
ity (CoG); corresponding dots-and-dashes line: virtual “zero velocity” path of CoG (distance between
the two CoG lines signals superelevations). Note excessive superelevation near km 10.0. Graph z: el-
evation of CoG (note practically continuous descent); scale t: time scale for 20 m s™! basic velocity at
km 9.0 (chosen extremely low with a good reason). Last four graphs are discontinuous owing to
evaluation in cross-sections only. v,: velocity (conditions as for ¢ scale); Av,,: lateral velocity incre-
ment due to centrifugal force; Av,,: lateral velocity increment due to gravitation; Av,,: lateral velocity
increment due to Coulombian friction. Note dominance of Av,,revealing necessity of further force
(most probably internal resistance in mass) to obtain balance (sketch by Erismann)
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that of the highest point reached by the north-western edge of the mass (2945 m),
increased by 70 m to account for a local velocity of 37 ms™ (calculated from the ge-
ometry of a nearby bounce). Thus a difference of 215 m and the reported velocity were
deduced. In doing so, various errors were committed: the surface of the mass (and
even an edge thereof, situated on a slope) was considered as if it had been its CoG
(Sect. 2.2, 6.2); the fact was disregarded that separation of the mass into two lobes was
a rather complex process that had been initiated earlier than at km 10.4; the silent
implication of equal physical conditions for the two lobes was made despite its ques-
tionable evidence; and, last but not least, the implications of relevant centrifugal forces
were not taken into account.

Thus it was compulsive, for the present study, to consider velocity as a free param-
eter, and analysis was aimed at clues helping to understand how part of the mass was
enabled to cross the ridge of Aira. Figures 2.53 and 2.54 illustrate the results thus ob-
tained.

*

First of all, between km 8500 and 10500 cross-sections at distances of 100 m
(Fig. 2.53, 2.54) were evaluated from a map (Welsch 1983) showing the traces of the
slide and thus allowing to reconstruct superelevation, i.e. the difference in elevation
between the ends of each cross-section. As a trivial result, the evaluation yielded sec-
tional areas and thus relative variations of velocity, provided that the uncertainty of
Item 1 hereafter is not too serious. Then the respective positions of the centres of grav-
ity could be obtained both for the really observed (superelevated) cross-sections and
their virtual zero-velocity counterparts with equal areas but horizontal surfaces
(s. Fig. 2.54). As a compromise, the surface of the mass in the cross-sections was as-
sumed as having been straight (for comments thereto s. hereafter and Sect. 5.7). Thus
an approximate quantitative connection between superelevation and respective hori-
zontal deviation of the CoG could be established.

Even with the reduced ambition of a non-simulating approach some uncertainties
should not be dissimulated with respect to the assumptions made and the parameters
used.

1. Both superelevation and velocity measurements are correct only if the observed
borders of traces sufficiently well express the situation of maximum mass trans-
port and if this maximum was sufficiently constant during the descent through
Shacsha Narrows. Thus variations of mass transport, time shifts between the maxima
on the right and the left border, and local phenomena like waves are neglected.

2. The assumption of a straight surface in superelevated state is contested by the con-
siderations made under Heading 5.7. As a priori neither concave nor convex sur-
faces are excluded and only in extreme circumstances the resulting curvatures are
considerable, the use of a straight line may be accepted as a first approximation. In
connection with the cross-section at km 10.4 an exception will be discussed here-
after.

3. The motion of a quasi-pendulum would be well represented by cross-sections
shaped like circular segments with continuous changes along the track and homo-
geneous distribution of density. Obviously these conditions cannot be fulfilled ex-
actly. So determining the natural period (as required hereafter) necessarily is in-
accurate.
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4. The neighbourhood of a cross-section (so to say, a slice 100 m thick) certainly
cannot be considered as an independent pendulum. In fact, it is damped not only
by (Coulombian or other) friction against the ground but also by internal, so to say
inter-sectional, coherence within the mass. In first instance such forces are damp-
ing the swing of the pendulum.

In view of such difficulties the following quantitative analysis will, as far as possi-
ble, be conducted so as to yield useful results even on the basis of roughly approxi-
mated figures. In addition, a simulating approach (i.e. the complete reconstruction of
the motion’s differential equation) will be replaced by an open-loop consideration of
the main forces acting in a cross-section. This simplified approach is acceptable in
view of the short step length of 100 m. Despite its obvious imperfections it will allow
to draw important conclusions about the motion of the mass and, in particular, its
capability to form the Yungay lobe.

Before going into further details of Fig. 2.53, a glance at Fig. 2.54 gives first com-
plements to the map. Four characteristic sections are shown, including their positions
in the grid of the map (km 8.6, 9.6, 9.9, 10.4). CoG locations of superelevated cross-
sections are marked by oblique crosses and their surfaces by plain lines; the respec-
tive marks for the virtual zero-velocity cross-sections are upright crosses and dots
and dashes. The figure is arranged to show directly the elevation of each cross-sec-
tion (s. levels 2700, 2800, 2900 m; the horizontal arrangement is irrelevant). So it is
immediately perceivable that a continuous descent of the CoG takes place, even be-
tween the slightly superelevated section at km 9.6 and the highly superelevated one
at km 9.9.

As elevations are directly proportional to the respective potential energies, this state-
ment bears an important physical meaning: the energy input by descending is, all in
all, far higher than the - remarkably low - energy required to attain the highest ob-
served superelevations (9.6 is actually the highest one on the orographically left side,
9.9 belongs to the extreme right-side displacement of the CoG). The important quali-
tative message thereby is that in the highly energetic process of descending even a
small irregularity may suffice to evoke a substantial transversal motion. By the way,
the mentioned continuity of descent becomes evident also in the diagram z (i.e. CoG
elevation) of Fig. 2.53: only a ridiculously low run-up of 2 m exists between km 9.7 and
km 9.8.

*

The cross-section at km 10.4, located slightly beyond the area shown in the map of
Fig. 2.53, has a particular importance of its own. It makes directly visible the irrevers-
ible separation between the two lobes of the event. The long, moderately steep slope
on its right side, ending in a short horizontal portion, belongs to the ridge of Aira.
And the entire extension of this impressing “outrigger”, more than 350 m in the hori-
zontal and more than 50 in the vertical, is covered by traces of having been overrun.
The straight line between the lateral ends of such traces, however, passes below the
shoulder that marks the transition from steep to moderate slope! Two conclusions are
suggested by this fact. On the one hand, in this extreme situation assumption of Item 2
no longer can be sustained: a convex surface has to be assumed, signalling rather a
constant velocity than a constant angular velocity within the cross-section (for de-
tails s. Sect. 5.7). On the other hand, the mentioned shoulder materially divides the
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mass into two parts so that the germ of irreversible bifurcation becomes manifest. In
such instances it makes little sense to consider the mass as an integral whole even at a
somewhat earlier stage. So the map was cut at km 10.3 and the zero-velocity CoG path
at km 10.0.

*

On the same longitudinal scale as the map, Fig. 2.53 shows, between km 8.6 and 10.2,
some easily accessible parameters.

On the x-axis of the already-mentioned diagram of CoG elevation z a scale of time t
is attached. It is valid for the neglect of uncertainties 1 and 2 and a “basic” velocity of
20 ms™" through the cross-section at km 9.0. The reason for the choice of so low a
standard will emerge soon.

The next diagram shows the velocity v, in the direction of x. For reasons of uniformity
with the parameters following below it is represented as if the value determined in a
given section were constant over the respective slice (as defined here-above). In this
context it should be observed that the direction of x and those of actual CoG displace-
ments, though approximately identical over the total length of the map, locally may
differ, especially in the large curve beginning at km 9.6. Accordingly, the resulting local
velocities are slightly higher (with a maximum of 27% between km 9.6 and 9.7).

Thelast diagrams of the figure show, in principle, three important forces acting upon
a slice of 100 m thickness. Each force, assumed to be constant within a step of 100 m
length, is multiplied by the time required to cover this length (thus obtaining the re-
spective momentum) and divided by the mass of the slice. The final result assumes
the dimension m s™! and gives the increment of transversal velocity Av, induced to
the slice by the considered force. This result, as being calculated in an open loop, does
not account for the feedback upon the exciting force. The neglected error however, is
necessarily small as the value taken from the respective cross-section cannot dramati-
cally differ from a figure correctly averaged over a distance of 100 m. This has to do
with the fact that the exact solution of the differential equation is expressed in the
(known) path of the CoG.

Av,, is the transversal velocity increment induced by centrifugal force (key word:
“acceleration”). Again a basic velocity v,o=20 m s is assumed in the cross-section
at km g9.0. Of course, the centrifugal force has to be compatible with the well-known
relation v*/ R. As in the map a polygonal representation of the CoG path is used, the
question might arise, how the theoretically infinitesimal radius R can be dealt with.
The answer is simple: the acceleration in the corner is infinite, but its time of action is
infinitely short. And as both are inversely proportional to each other, their product
(and therewith the resulting momentum) turns out to be constant so that the momen-
tum only depends on mass, velocity, and differential angle. In other words, the effect
equals that of a perfectly elastic collision with an infinite mass in adequate position.
The influence of v,5 upon Av, is easy to determine: on the one hand, the centrifugal
force is proportional to the square of velocity, on the other hand the time of action is
inversely proportional to velocity. So Av,, is proportional to v,,.

Av,, is the transversal velocity increment induced by gravitation in the superelevated
state. The determination is essentially trivial. Only the fact has to be accounted for
that the slice, simultaneously with its pendulating motion, descends in x-direction
whereby part of the potential energy of descent is converted into kinetic energy of
the pendulum. The respective trigonometric function is given by a sin(atan) relation.
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The sign simply depends on the cross-section’s CoG being on the right or the left side
with respect to its deepest (i.e. the zero-velocity) position. Obviously the force exerted
is independent of velocity, but the time of its action is inversely proportional thereto.
So Av,, is inversely proportional to v,,.

Finally Av,, is the transversal velocity increment induced by friction between mass
and ground. To make things simple, Coulombian friction is assumed so that, once more,
determination is easy. A low coefficient of friction y = 0.1 was suggested by the long
travel on a track of approximately equal slope: after having lost much of its kinetic
energy between km 5 and km 8, the mass, with a higher resistance, would have been
arrested rather quickly on so soft a slope. As friction obviously is opposed to the vec-
tor of total velocity, once more a sin(atan) function is involved (for details s. Sect. 5.7).
And once more, the force being independent of velocity, while its time of action is
proportional thereto, Av,, is inversely proportional to v,q.

In considering the three diagrams (with a side-glance to the relations of the re-
spective effects with velocity) the choice of the basic velocity - v, =20 ms™ is below
the realistic range - becomes plausible. With, say, 40 m s7! the dominance of centrifu-
gal forces would be increased by a factor of four (Av,, being doubled, Av,, and Av,
halved), and the two smaller increments almost would require a magnifying glass to
be discerned...

Now the physical content of the present discussion certainly is not exhausted by
the mere comparison of three forces acting upon a single body. The real goal consists
in finding a realistic configuration granting a permanent balance of external and in-
ertial forces. And a look at the three diagrams makes it evident that gravitational and
frictional forces show similar profiles and thus easily might be combined to an almost
perfectly balanced sum. As a first approximation, it would suffice to multiply y by 0.5
(not a priori unrealistic, s. Sect. 2.2) to obtain a result nowhere exceeding a value of
1.27 m s~} with a mean square root of 0.66 m s”L. The profile of the inertial force, how-
ever, is so different from the two others that no adjustment of the two free parameters
Vyo and y can yield a reasonably satisfactory result. An exception would, of course, be
the brutal suppression of inertial forces by reducing v,, below 10 ms™, a completely
unacceptable proposition.

The dilemma probably would be solved by taking into account the uncertainty of
Item 4. The three forces so far considered are certainly an incomplete set, and an effec-
tive counterpart to centrifugal force could be given by the existence of an inter-slices
(or better: mass-internal) resistance against distortions, i.e. lateral relative displacements
within the mass. Even a speculation on the consistence of the mass might make sense:
couldn’t the amount of water - at least in the most bulky portion of the moving mass -
have been lower than might be assumed at first sight? It is not intended to push specu-
lation further without additional knowledge about the involved parameters.

*

A last fundamental argument refers to the possibility of energy restitution or - to
speak in terms of oscillating systems - resonance. A first hint into this direction was
given by Jatzold (1971, 113, s. also Stadelmann 1983, 62) who proposed, on the basis of
aerial photos, an effect of restitution resulting in boosting motion from the left to the
right slope of Shacsha Valley. A certain additional effect - increasing or reducing oscil-
lation - might come from the curve at km 9.0. Increase, however, only can occur in such
a configuration if the driving force of the second curve (at km 9.6) acts while the oscil-
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lation due to the first curve (at km 9.0) moves in the direction of said force. In other
words: as far as the two force pulses are separated by less than an entire period, the
time elapsing between them must be below one half of the natural period of the sys-
tem, the optimum lying at one quarter. In a cross-section the approximate length of
the pendulum can be determined from the horizontal displacement of the CoG and the
angle of superelevation. For example, between km 9.0 and 9.6 it ranges from 230 to
380 m, yielding an average period of 35.4 s. Accordingly, to obtain resonance, a time
below 18 s should elapse in covering 600 m. Accounting for the varying cross-sections a
basic velocity v, of at least 34 m s™! would offer resonance. So a value around 40 m s,
as postulated later in this book (Sect. 5.7), might make sense.

Thus the basis for the last assault upon the ridge of Aira really was optimal: the right
wing of the mass, by favourable circumstances (including permanent energy input and
resonance) highly superelevated and no longer linked to the rest of the mass, raced
almost frontally against the ridge (s. right bottom corner of map), and its velocity, even
if it did not exceed 40 m s™!, was amply sufficient for a last climb of 20 or 30 m.

*

Itis considered useful to summarise the results of this lengthy qualitative, but quan-
titatively based excursion. Five short statements will suffice. The uncertainties (1.-4.)
are not repeated at this occasion but should be kept in mind.

11. Probably in Shacsha Narrows the descending velocity was lower than hitherto as-
sumed: about 40 m s™! or somewhat more instead of 65 ms™.

12.Owing to a surprisingly low demand for energy, substantial superelevations may
be fed by minute fractions of the energy of descent.

13. At least in certain superelevations the surface of cross-sections apparently was

convex, thus pointing to low inequalities of velocity (Sect. 5.7).
14.Separation in two lobes mainly was due to a high superelevation, boosted by en-

ergy from the preceding opposite superelevation, very probably in its turn boosted

by resonance.
15. The balance of forces due to gravity, friction, and inertia being imperfect, a sub-
stantial contribution from mass distortions is highly probable.
*

For readers interested in the physico-mathematical background of the above con-
siderations the equations are given hereafter - without further explanations in view of
their quasi-triviality and the fact that some of them are commented under Heading s.7.

The following notation is used: x;, y;, z;: co-ordinates of CoG in superelevated cross-
section i (Fig. 2.53,2.54); X;_1, ¥i_1» Zi_1> Xis1> Vis 1> Zis1: cO-ordinates of CoG in cross-sec-
tions preceding and following 7; y;, z;;: co-ordinates of CoG in zero-velocity cross-
section i; A;: area of cross-section i; Ag: reference area of cross-section at km g.0;
T natural period of cross-section #; Ax: distance between cross-sections (100 m). The
abbreviations Az;_=z;- ;. 1, Aziy = ziy1 - 2 AV, = ¥i= Vi1, AVie = Yier = Yo AVio = Vi Yios
Az = z;- z; serve to simplify the equations. For cross-section i the following values
are obtained:

= velocity in x-direction:

Vi = x9A9/Ai (2-7)



2.7 - Huascaran 97

® lateral velocity increment due to centrifugal force:

Ay;- — Ay;
AVygi = vy i i Ax, Jiv (2.8)
1
= lateral velocity increment due to gravitation on slope:
. Ay . Ay; .

Avyi = (Az,-_ sin atan% + Az;, smatan%)i (2.9)

= lateral velocity increment due to friction:
Ay;io Ay;

Avyy,; = [sin atan% + sin atan—ii;ij % (2.10)
* natural period of oscillation:

T, = (2.11)

In Eq. 2.8, 2.9, and 2.10 due attention should be given to the signs which may be
somewhat confusing in certain cases. In Eq. 2.11 the influence of descending is disre-
garded as being not very important.

*

Anyhow, in 1970 the Yungay lobe was able to overrun the ridge which had protected
the town in 1962. It raced down, covering at first most of the hamlet Aira and then a
substantial part of the slightly sloping surroundings of Yungay, including its entire
centre. Finally, the foremost elements, in two relatively narrow tongues, were joined
by the far larger mass of the Matocoto lobe in the valley of Rio Santa. The death toll
was appalling: in a few seconds almost the entire population (more than 15000 in-
habitants, an overwhelming majority of the 18 0oo victims as estimated for the entire
event) and an unknown number of market-day visitors were extinguished.

Nevertheless, there was not the absolute hopelessness as in the nightmare of Vaiont.
Escape was possible for those who, alert by the earthquake, realised the approaching
danger and, finding themselves in a favourable position, ran in the right direction. An
acoustic alarm was given by the beginning descent: immediately after the end of the
earthquake in Yungay a roar was heard from the Huascardn. This fact makes it prob-
able that the main part of the mass was released by the first seismic waves: on the one
hand, the earthquake lasted for 45 seconds; on the other hand, the quasi-vertical fall
of the mass and the transmission to Yungay of the sound emitted in hitting Glacier 511
took an approximately equal space of time. This signal came early enough to give time
for salvation in at least 93 cases (it is not excluded that further people could escape
from other locations, running in other directions). This is the number of persons which
survived on the cemetery hill, a kind of stepped pyramid (Fig. 2.55) which, like the
bow of a ship, divided the Yungay lobe into the mentioned two tongues. The resulting
bow-wave attained more than half its height.
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From the scientific viewpoint it was good luck that two of the survivors were
geoscientists: Casaverde and Patzelt (attention: the second-mentioned is a namesake
of the geographer who edited the book containing the repeatedly quoted articles by
Kérner, Stadelmann and Welsch). The following report of salvation was given by
Casaverde to Stadelmann (1983, 62-63): ... The Patzelt couple and I were just leaving
for Huaraz when the earthquake began. Our pickup truck several times was pushed
vertically into the air by the shocks and it was difficult to keep it under control... along
the street adobe houses were breaking down. Immediately after the end of the seismic
waves we heard a deep roar from the Huascardn. In looking up we saw that the summit
was hidden by a grey, rapidly darkening cloud. We realised that an avalanche was ap-
proaching. We immediately jumped down from the truck and ran to the cemetery hill,
at a distance of 150 m. Other people also became aware of the danger, but they first
searched the ruins for survivors or precious objects instead of saving their lives. The hill
has five terraces containing arrays of niche graves. When reaching the first terrace, I
looked back and saw the grey crest of a wave, about 50 m high, slopping over Cerro de
Aira and rushing down to the town. No sooner had we, together with another couple
and three children, reached the third terrace - in doing so we were bothered by an in-
tense gust of wind -, as the avalanche surged with a bang against the third terrace, at a
distance of hardly five metres from us. The ear-splitting noise was followed by a deathly
silence...” (translation by Erismann).

Fig. 2.55. Huascardn event, central part of Yungay lobe. In the left foreground the cemetery hill where
93 persons survived. The cluster of dots near the long road at right are remnants of the town’s main
square, including the tower of the church and the palms mentioned in the text. The mass moved,
roughly speaking, from the right to the left (by courtesy of W. Welsch)
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At first sight this report might appear useful as a means for a rather accurate esti-
mation of the average velocity of the descent between the impact upon Glacier 511 and
the moment of Yungay being engulfed. Yet in digging somewhat deeper one necessar-
ily is confronted with the fact that only three circumstances can be quantified on a
solid basis. The (21) time lag between the generation of a sound near the area of re-
lease and its being perceivable near Yungay was about 40 seconds. As Casaverde as-
certained by repeating it, the (22) rush from the truck to the cemetery hill took an-
other 100 seconds. And (23) the duration of the earthquake was approximately 45 sec-
onds. All the rest must be guessed. Here some examples: Immediately after the end of
the earthquake the scientists heard the roar. Is “immediately” within the next second
or after 10 seconds? Came the roar from km o.5 where the mass hit Glacier 511 or from
the bouncing-and-splashing area around km 6? Had release taken place at one of the
first strong waves (a highly probable but unproved possibility) or later? How much
time elapsed in grasping the situation, stopping the truck, and leaving it? How many
seconds were required to attain the third terrace of the hill in spite of being hindered
by tremendous gusts of wind (note that during the climb from the first to the third
terrace the distal end of the mass descended over a distance of more than 3 km from
the ridge of Aira to the town)? Similar uncertainties are reflected in Stadelmann’s study
(1983, 64): a most instructive table shows estimations made by various authors on the
basis of reports from witnesses. For the average velocity the reported figures vary be-
tween 250 and 470 km h™! (69 and 131 ms™). Of course, the problem lies in the fact
that even an eyewitness in a safe position hardly had the nerve to observe so dramatic
a phenomenon quietly, with the stopwatch in hand (if at all he had a watch). So the
only reasonable estimation can be given for the absolute minimum of duration refer-
ring to the displacement of the mass between hitting Glacier 511 (km 0.5) and appear-
ing at the ridge of Aira (km 10.5):

40s  (sound transfer from km 0.5 to Yungay)
+ 100s  (rush from truck to cemetery hill)
10s (stopping truck etc. and climbing first terrace)

+

150 8

So the average velocity over the considered 10 kilometres of descent cannot have
exceeded 67 ms™! and probably was even lower. This fact implies a first additional
argument in favour of a comparatively low velocity in and below Shacsha Narrows: if,
for instance, velocity was braked down to 40 ms™ as early as at km 7.5 (suggesting a
distance of 3 km covered in 75 s), at least another 75 s remained for the upper 7 km,
resulting in a high, though plausible average of 93 ms™.

Figure 2.55 faintly shows a further fact pointing into the same direction. Several
palms on the main square of Yungay, in spite of having been engulfed with the sur-
rounding buildings, remained upright after the catastrophe. The same is true for the
tower of the nearby church. It is easy to estimate the hydrodynamic force acting upon
such a building (s. Eq. 3.5). For an immersed sectional area A =5X5=25 m?, a plau-
sible coefficient ¢ = 1, a density of the mass d; =1250 kg per m?, and a velocity
v=40 ms! a force of 25 MN results, more than an entirely massive tower of said di-
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mensions can weigh (about 15 MN). In such instances it is perfectly clear that, when
overrunning Yungay, the mass moved at a velocity below 40 m 5.1t has to be remarked
that at least one of the above parameters deliberately was chosen at the lowest limit of
plausibility, namely a density of the mass exceeding that of pure water only by 25 per-
cent.

*

Meanwhile the Matacoto lobe, doing far less immediate harm (mainly in Ranrahirca,
Fig. 2.48), formed an impressing fan before crossing Rio Santa and then had still the
energy for a short run-up on its left side (Fig. 2.56), resulting in the death of 60 per-
sons and the destruction of several houses in Matacoto. Without going into the de-
tails of this run-up (Plafker and Ericksen 1978, 297; Welsch 1983, 45), a short comment
should be given to Kérner’s (1983, 99-100) estimation of velocity established on the
basis of Eq. 2.1. As observed - in somewhat other terms - under the Headings 2.5 and
2.6, overestimation in first instance is due to the fact that distal elements often are
pushed forward from behind far beyond the limits given by their own kinetic energy.
There is no doubt that exactly this was the case in the considered run-up. Kérner, in
using the estimated difference between the surface of the approaching mass and the
highest level attained, unconsciously made at least part of the necessary correction.
Thus the figure obtained - 28 ms™ -, according to the actual thickness of the mass,
may be correct or slightly too high. Also this result fits into the idea of an essentially
reduced velocity in the second half of the descent (the bare difference of 80 m between

Fig. 2.56. Huascardn event, traces of run-up on the left side of Rio Santa valley, view from the north-
east. The highest points are slightly more than 8o m above the original valley floor. In the back-
ground the Cordillera Negra (by courtesy of W. Welsch)
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Rio Santa and the highest points attained would yield at least 40 m s™!, which would
leave unanswered the question of the unavoidable deceleration in the rather flat fan).

The relatively low destructive effect of the Matacoto lobe should not be misinter-
preted as being due to an immanent lack of destructive power. On the contrary, little
failed, and a second, perhaps even more disastrous catastrophe would have followed
that of Yungay. In fact, the mass not only formed the mentioned fan covering more
than 4 km? with a layer about 10 m thick (after drying): it also dammed Rio Santa.
And as the dam to a certain part consisted of mud and ice, it could not withstand the
pressure of the growing lake for more than half an hour. Fortunately, an unmistak-
able signal preceded the inevitable rapid inundation: abruptly, the bed of the river dried
out. So the inhabitants were warned and most of them could move to safe positions.
The destruction over 150 kilometres ~ from Yungay to the sea - was immense: no bridge
and no irrigation plant remained in working order. But the death toll was relatively
moderate.

So the Matacoto lobe, in spite of having contributed many hundreds of victims to
the catastrophic result (no accurate figures can be presented owing to the particular
circumstances of the event), turns out as being of minor importance when looked at
from an anthropocentric point of view.
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2.8
Synopsis of Results

In the following the most essential information of the present chapter is summarised.
For practical reasons the respective items are not presented in the order dictated by
the succession of Sect. 2.2 to 2.7 but arrayed so as to comply with the chronological
course of an event, beginning with the situation before release and ending with rest-
hazard management post eventum.

Despite the care used in selecting the key events, it is needless to say that the fol-
lowing items are far from giving a complete enumeration of geomorphological aspects
connected with rockslides and rockfalls. In the first instance, they are intended to serve
as a mnemonic aid for questions relevant in the frame of this book: dynamics of dis-
placement; to a certain extent mechanisms of release; and, as an important practical
aspect, human activity in salvation, prevention and mitigation.

*

Ante-eventum items, as not being among the main subjects of the case histories,

are not very numerous.

1. New information about the mechanisms of an event can influence the knowledge
concerning its geological past. Example: in the case of Kéfels, the frictionite hy-
pothesis effectively contributed to replace previous hypotheses by setting up a con-
cept that improves compatibility with geomorphological evidence (s. Item 33 here-
after).

2. For prediction, information about previous similar phenomena at the same loca-
tion may be helpful. Example: Nueva Yungay, the town replacing the one engulfed
by the Huascardn event, stands on potentially unsafe ground, partly within the
deposits of a prehistoric catastrophe. And the situation in the zone of release points
to future repetitions.

3. In uncertain ante-eventum situations relevant publications should be consulted
with due care. In spite of not presenting the latest discoveries, old references may
be of great use. Example: perhaps the tragic issue of Vaiont could have been pre-
vented if this fact had been given heed to (s. Item 15).

4. Creep of varying velocity does not necessarily prove the existence of visco-plastic
layers below the creeping mass. Example: erroneous assumption of experts before
the event of Vaiont. And creep-to-rush transition can occur very quickly even on
such layers. Example: Goldau (s. Items 3, 5).

5. Rock-on-rock creep is probably rather a sequence of increments - caused by at least
one varying parameter - than a continuous process. Example: Vaiont where two
such parameters are suggested, namely level-dependent buoyancy and precipita-
tion-dependent joint-water pressure.

6. Release of masses is often correlated with heavy precipitation. Joint water pressure
seems to be most important in this context. Examples: Vaiont; Val Pola and many
smaller events in the same region.

7. It goes without special mention that earthquakes may be efficient triggers of
rockslides and rockfalls and that their energy can influence the volume of the dis-
placed mass. Example: Huascardn.
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Once a mass is released, phenomena influencing its motion can, in principle, oc-
cur at any point of the track. In four of the six key events, however, an important phe-
nomenon took place rather early: massive disintegration of the mass. In the context
of this book some characteristics of disintegrated motion are of particular interest.

8. Only in the slide of Vaiont most of the mass accomplished its travel in an essen-
tially coherent state. Kbfels did as well, until the lower part of the mass, arrested by
a solid wall of rock, was disintegrated.

9. Huascardn has to be considered as a special case. Early disintegration and plenty
of water (initially ice and snow) favoured the generation of mud. So the event only
to a certain extent was a slide.

10.Blackhawk and the disintegrated part of Kéfels show the widespread phenomenon
of moderate relative displacement between the particles, resulting in a well-main-
tained sequential order of components and a gradient of velocity concentrated near
(or in) the sliding surface.

11. In two cases accessible sections through the zone of sliding (primary for Langtang,
secondary for Kofels) display a remarkable straightness of the sliding surfaces in
the direction of displacement, both on solid or on disintegrated ground. Similar
observations are reported from other accessible sliding surfaces (e.g. Flims).

12.In many disintegrated rockslide deposits (e.g. Blackhawk) a coarse-on-top grada-
tion is observed. If an adequate amount of water is present, low permeability re-
sults at the bottom of the mass, the passages between pieces of rock being clogged
by compacted mud.

*

Velocimetry (s. Sect. 6.2) at a given point may be as difficult as it is important (the
destructive capacity is proportional to the square of velocity!). Besides the methods
listed hereafter, there is the calculation of velocity from the trajectory of a bouncing
boulder (s. Item 22 and Sect. 5.3).

13. The simplest method of velocimetry uses the time taken to cover a known distance.
Eye-witnesses (Huascardn, Elm) sometimes are handicapped by being obliged to
run for their lives. Reconstruction seldom is feasible without partial estimation.
Seismographic records (Val Pola) are difficult to correlate with a given position of
the mass.

14. Velocimetry based on run-ups is a widespread source of overestimation due to the
use of wrong reference altitudes (e.g. top of scar/floor of valley/top of run-up) in-
stead of the respective positions of the centre of gravity of a mass (Pandemonium
Creek, Val Pola, the latter with the claim for a maximum of 106 m s™ instead of
73ms™).

15. Normally the correlation between velocity and destructive power is positive. For
Vaiont an underestimated prediction of velocity excluded the idea of a flood wave,
thus paving the way for a catastrophe.

16.In deducing velocity from superelevation on a curved path, the inaccuracy due to
dynamic pendulating motion must be remembered, especially in case of resonance
(Huascardn). Still, precious results can be obtained in certain cases (Pandemo-
nium Creek) (s. Item 17 and Sect. 5.7).
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17. Velocimetry using the curvature resulting from oblique motion on a dipping plane
surface depends on a favourable geometric configuration. A tentative application
for Huascardn failed (s. Item 16).

18. Provided that the maximal mass displacement (in units of volume per unit of time)
through several consecutive cross-sections is more or less constant, for all cross-
sections the products of average velocity and sectional area are equal. So a relative
velocimetry (comparison of velocities) between the cross-sections is possible as
applied for Huascardn.

19. According to the velocimetric methods involved, the results are defined in some-
what different ways so that differences may occur in case of two methods used in
parallel. The extent of such differences mainly depends on the physical correct-
ness of the applied methods.

*
For a given velocity a radius of slope variation can be defined below which the cen-
trifugal force exceeds the effect of gravity so that bouncing occurs. Calculation of the
resulting trajectory may be possible and thus allow for ballistic velocimetry.

20.For sites with low atmospheric density (Huascardn; certain celestial bodies) and
large boulders (diameter about 1 m or more on the Earth) neglect of aerodynamic
forces is tolerable and vacuum trajectories can be used (s. Items 21, 22, 39).

21. Vacuum trajectories, as being parabolic, can be calculated from three relevant ele-
ments: points, angles, and velocity. In particular, “aiming back” is possible if param-
eters are better known for landing than for take off (Huascardn) (s. Items 20, 22).

22. According to Item 21 from three elements other than velocity (e.g. take off point,
landing point, landing incidence angle), velocity can be calculated at any point,
e.g. at take off. In the case of Huascardn certain assumed take off points were found
to yield unrealistic velocities (s. Item 23).

23.If velocities obtained from bounces are suspected to be too high, the velocimetric
calculation can be inverted and a plausible velocity used to find appropriate take
off points (Huascardn) (s. Items 22, 27).

X*

There are various factors influencing the resistance to motion and therewith
also reach and velocity. Reduced resistance, as entailing the danger of long run-
out, requires particular attention. Lubricating mechanisms will be presented later
(s. Items 29-35).

24.The size effect (Kofels) expresses the farther reach of large masses in comparison
with smaller ones. Its exclusive use for prediction is blocked by large scatter (Pan-
demonium Creek). This situation can be improved by knowledge of other effects
(s. Items 26-35).

25. Motional resistance is correlated with the geometry of an event (Pandemonium
Creek). This is a potential means to assess resistance.

26.Lateral confinement of the track, i.e. channelling (Pandemonium Creek, Val Pola,
Huascardn), normally reduces resistance. A relation with the size effect is plausible
if thickness of the mass is considered as important in the context of resistance
(s. Item 24).
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27. Funnelling, defined as motion through a narrowing channel, is known from Pan-
demonium Creek and Huascardn. Increasing velocity in a funnel, as postulated
according to Item 18, means little more than jamming at the wide end. At any rate,
velocities approaching that of free fall are suspect (s. Items 18, 26).

28.0n curved paths energy dissipation can be very different. It is high if the mass,
running back after a run-up, undergoes internal collisions. It is low in slightly me-
andering curves, especially if combined with channelling (Pandemonium Creek;
Val Pola; Huascardn; s. Item 15).

*

Lubrication is a system of two solid bodies displaced with respect to each other,
and a medium (the lubricant) able to exert upon said bodies a separating force in such
a manner that the total resistance against displacement is smaller than without lubri-
cant. Lubrication is at its best if the lubricant can separate the two bodies completely.
Lubrication is a compromise between contradictory requirements: low resistance in
the lubricant means low viscosity; but low viscosity means rapid escape and rapid
fading of the lubricating effect.

29. Hydrostatic pressure in joints (Vaiont), in separating the lubricated bodies, nor-
mally increases the passages for escape of water, thus initiating motion, but not
maintaining it at length (s. Item 5).

30. Mud (fine particles fluidised by water) can improve the poor quality of water as a
lubricant by raising the viscosity. It may have played a certain part in the cases of
Pandemonium Creek and Huascaran.

31. Lubrication by pressurised water is able to work over a long distance if new water is
continually set under pressure by a mass moving over the water-saturated fill of a
valley floor. Combination with channelling protects against undue escape of water. For
Pandemonium Creek the probability of this mechanism is considered as high, and
correlation with long run-out is high also for other slides in different parts of the world.

32. Lubrication by compressed air, as proposed for Blackhawk and other slides, besides
being in contradiction with the size effect, lacks plausible mechanisms for com-
pressing air and preventing its fast escape (be it lateral or by penetrating through
the unstable mass under extensional stress; s. Item 24).

33. From geomorphological, theoretical, and experimental results (Kfels, Langtang)
the effect of frictional heat upon crystalline rock and, as a consequence, self-lubri-
cation by melting rock became evident. Strong points lie in the generation of lubri-
cant right at the points of friction and in the compatibility with the size effect
(s. Items 24, 34, 35).

34. Self-lubrication by melting snow or ice (or even by its evaporation) is mentioned in
connection with Blackhawk and Kéfels, and it is probable for motion on the gla-
ciers of Pandemonium Creek and Huascardn. By lack of visible traces, detection in
field evidence is difficult. Theoretical calculations point to efficient lubrication
(s. Items 33, 35).

35. Self-lubrication by chemical dissociation or dehydration (carbonate or gypsum re-
spectively), owing to fast recycling of the components to the original state, is also
difficult to detect (Kofels). Theoretical calculations point to efficient lubrication
(s. Items 33, 34).
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The following items deal with miscellaneous mechanisms. On the one hand, sec-
ondary effects of rockslides refer to the last (but by no means the least) phase in the
chronological order of an event. On the other hand, some rockslides on celestial bod-
ies lie beyond the frame of individual chronology.

36.A small mass of water, hit by a far larger mass of rock, can reach a higher velocity
than the rock and thus be very dangerous. The difference in death toll between two
reported cases was due to human activity: the situation of Vaiont was misinter-
preted, that of Val Pola almost perfectly understood, and thus most of the possible
victims saved (s. Sect. 7.1).

37. The event of Huascardn could have turned out even more disastrous if Rio Santa
had large tributaries below Yungay: it not would have disappeared, and the inhab-
itants would have suffered an unexpected flood wave after the collapse of the dam
consisting of debris.

38. As reported for Val Pola, post eventum hazard management primarily means ef-
fective monitoring of potentially unstable masses. Mention of this activity leads
back to ante eventum items.

39.In connection with Blackhawk, doubts were expressed against uncommented com-
parison of terrestrial with extraterrestrial events. In a particular case all relevant
parameters have to be accounted for. Example: in case of lacking atmosphere, equal
trajectories for large and small particles, if launched at equal velocity in equal
direction.



Chapter 3

Comments on Mechanisms of Release

Then came such summer rains, as not had been known in the Hills
for many seasons... Purun Bhagat heard the sound of something
opening with a sigh, and saw two slabs of the floor draw away from
each other... There was a sigh in the air that grew to a mutter, and
a mutter that grew to a roar, and a roar that passed all sense of
hearing...

Rudyard Kipling

3.1
Causes and Signals — a Pragmatic Approach

In a book mainly dealing with the dynamic mechanisms of moving masses, the re-
lease, i.e. the initiation of motion, cannot be discussed in equal detail as motion proper.
Nevertheless some comments on the subject, as presented in this chapter, will be use-
ful for different reasons. The most important thereof are the following. In the present
section, a general discussion of the conditions favouring release of large masses
(Sect. 3.1) will pave the way for a quantitative treatment of various impending prob-
lems. Some light will be thrown upon the mechanisms connected with the breakdown
of cohesion and pre-release creeping; thereby methods hitherto unusual in connec-
tion with rockslides and rockfalls will be presented (Sect. 3.2). Eventually details of
several particular mechanisms will illustrate applied quantification in cases ranging
from everyday occurrences to exotica in the true sense (Sect. 3.3).

If considered more in detail, the descent of a rockslide or a rockfall normally turns
out as having numerous causes. This fact suggests a division into groups, in first in-
stance with respect to their physical basis and their logical connections.

*

One possible approach introduces the notions of internal and external causes (Howe
1909, 44-49; Terzaghi 1960, 88). Terzaghi’s elegant definitions, based on the shearing
stresses in the considered materials, are successfully used in soil mechanics and, to a
certain extent, also for assessing the stability of rock masses (especially if extensively
disintegrated before release). These definitions run as follows. “External causes are those
which produce an increase of the shearing stresses at unaltered shearing resistance of the
material adjoining the slope... Internal causes are those which lead to a slide without
any change in surface conditions and without the assistance of an earthquake shock.”

Now many rockslides are released in a more or less coherent state, and the masses
often are retained in place by mechanisms giving rise to high local stress concentra-
tions and/or belonging to other modes than shearing. So Terzaghi’s definitions would
have to be substantially modified in order to fit into the frame of the present consid-
erations. And the more general question arises how to assess the value of a division
into internal and external causes in cases where cohesional strength is regarded as
mainly depending on local stress concentrations due to cracks. By this approach it is,
of course, not intended to minimise the importance of the phenomena near the pro-
spective boundary between moved and unmoved material.

An argument against the use of internal and external causes is best illustrated by
the extremely close interaction between both. Take a frequently occurring example.
At the proximal end of a prospective rockslide mass a talus accumulates - an external

T. H. Erismann et al., Dynamics of Rockslides and Rockfalls
© Springer-Verlag Berlin Heidelberg 2001
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cause. The process contributes to the increase of stresses in a cracked zone connect-
ing the mass with stable rock. As a consequence thereof a crack grows and thus in-
creases further the stress concentration at its front. So the material’s resistance is re-
duced - an internal cause. In other words, the internal cause is caused by the external
one, thus blurring the difference between internal and external causes.

A second argument is obtained from tracing back the causes of stress generation
to gravitational acceleration, as the very cause of causes, and the difference in alti-
tudes required to make acceleration do work when acting upon a mass. Now gravita-
tion as being ubiquitous, does not ipso facto increase stresses: it creates them. So gravi-
tation cannot be an external cause. And even less it fits into the definition of an inter-
nal cause. There simply is no sense in attributing gravitation to this or that group.

*

In such instances, the question of internal and external causes is left aside and an-
other principle is considered: the division into triggers and other causes. The follow-
ing definition describes the term “trigger” alone so that “other cause” is defined by
exclusion. The trigger of an event is the last cause which puts an end to the balance
between driving and resisting forces and thus sets the mass moving.

In spite of its being normally only one of many causes, the importance of a trigger
may vary within extremely wide limits. In this context, a couple of examples will illus-
trate some characteristic configurations and raise some questions.

1. A coherent mass, otherwise ready to descend since millions of years, is retained in
place by a solid, though cracked, connection with stable rock. One of the cracks, after
having grown yearly by some fractions of a millimetre (e.g. owing to freeze-thaw cy-
cles), attains a critical length, looses stability, and releases the mass. A “soft” release
of similar kind is suspected for Pandemonium Creek (Sect. 2.2; Evans et al. 1989, 438).

2. In1702,during the Spanish War of Succession, and in 1809, in their rebellion against
Napoleon, Tyrolean warriors released considerable “rock batteries”. Such artificial
rockfalls, to quote a well-documented example, took place near Pontlatz, 9 km up-
stream from Landeck, Tyrol, Austria (Egger 1880, I11, 673). Similar techniques have
been used also in other mountainous regions (oral communication by Dr. H. R.
Fuhrer, ETH Ziirich). At present, prospective rockfalls threatening human lives and
property sometimes are released artificially to keep the danger under control. In
the old times triggering was nothing but knocking away wooden pillars or cutting
ropes, nowadays it consists in firing an explosive charge.

3. Assume that the earthquake of 1970, obviously the trigger of the Huascardn event
(Sect. 2.7),had been of moderate magnitude. Probably in such instances a smaller mass
would have been released and the outcome might have been far less disastrous.

4. Probably the mass of the Vaiont event (Sect. 2.6) would have remained stable for a
very long time without human intervention. So this intervention was the main cause
of the rockslide, and the trigger was the unlucky coincidence of circumstances dur-
ing the last filling of the basin. Now assume that the same mass, if untouched by
man, would come down as early as in 2050. Would not, in such instances, the entire
human activity be considered as trigger because it only would have been the last of
many causes (whatever their nature might be) as postulated in the definition?

5. Primary slides provoking secondary slides have been reported or assumed by Russell
(1927, 234), Abele (1991, 31), and others. Now imagine that without the primary
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slide no secondary slide would occur during millions of years. What would be the
primary slide with respect to the secondary one - trigger alone (other causes hav-
ing prepared the site) or essential cause and trigger in one?

From these examples it becomes evident that a trigger may be a minute increment,
significant only by being, so to say, the last straw that breaks the camel’s back (Items 1, 2).
But it also may dramatically influence the character of the triggered event (Item 3). And
sometimes a clear distinction between triggers and other causes may not be obvious
(Items 4, 5). To compress the result into one single sentence: by its changes of aspect
in accordance with the circumstances, the term “trigger” recalls a chameleon in more
respects than might be assumed at first sight.

*

After all, the essential question in a particular case lies rather in the causal con-
nection leading to an event than in the attribution of a mechanism to one group or
another. The following considerations will be focused on this aspect, and they will be
started by looking out for the main parameters of release in the case of rock-on-rock
displacement as the most important configuration of rockslide and rockfall initiation.
A well-known example will yield the necessary basis.

While, as a rule, rockslides - and all the more so rockfalls - are released on steep
slopes so that the immediately subsequent motion may be a falling as well as a sliding
one, there are cases in which rockslides have been released on rather soft slopes. Per-
haps the best known example is the catastrophic event of Rossberg (Schwyz, Switzer-
land) that, in 1806, destroyed the village Goldau and killed 457 persons. The upper
portion of the sliding surface, including that of the release region, has a remarkably
constant slope angle of little more than 20°. Albert Heim (1932, 71-74) plausibly at-
tributes the possibility of release on so mild a slope to the particular pre-existing cir-
cumstances: on the one hand, an almost perfectly plane surface, covered by a marl
layer, was ready to serve as an ideal track with low friction; on the other hand deep,
approximately vertical joints had reduced to a minimum the cohesion of the mass with
adjacent stable rock. Eisbacher and Clague (1984, 156-159) add that said joints were
water-filled and thus exerted an external force upon the ready-to-move mass. Of
course, Rosserg/Goldau is not an unique example: similar conditions are reported, for
instance, by Alden (1928, 347-349) for Gros Ventre, Wyoming, U.S.A., where, in riding
on top of the mass that descended a gentle slope, trees remained upright.

Obviously three relevant circumstances - namely a combination of surface prop-
erties (shape and materials) granting low frictional resistance, the lack of cohesion
between the prospective rockslide mass and stable surrounding rock, and the water
pressure in the fissures - synergetically created the possibility to overcome the im-
peding effect of a fourth one, namely the low slope angle. So it is demonstrated that
the interaction of four parameters is determining whether release will take place or
not. In the particular case these parameters are:

11. the slope angle B of the underlying ground surface,

12.the coefficient of friction u between the prospective rockslide mass and the ground,

13. the cohesion (in other words, the resistance against fracture) between the prospec-
tive rockslide mass and surrounding stable rock, and

14.external forces (the push of the hydraulic pressure in the joints).
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Within the frame thus defined, a remarkably wide field of applications is opened.
In fact, it is not easy (though not absolutely impossible) to imagine the release of a
rockslide or a rockfall without the interaction of, at least, slope, friction and cohesion,
in certain cases also external forces. In this context it is interesting that Terzaghi, in
commenting the Rossberg/Goldau event (1960, 94), remarks: “This catastrophe can be
explained in at least three ways... the slope had gradually increased on account of tec-
tonic movements... the resistance due to the (cohesive) bond was gradually reduced by
progressive weathering...” The third explanation, based on hydraulic arguments and
somewhat too long for literal reproduction, describes a reduction of the coefficient of
friction. So exactly the above-mentioned parameters are stipulated, namely an increase
of slope (Item 11), due to external forces (Item 14), a reduction of cohesion (Item 13),
and a reduction of friction (Item 12).

Of course, more exotic circumstances are not excluded a priori. Some of them will
be treated in Sect. 3.3.

*

All this is, perhaps, perfectly plausible. It is, however, only one half of the truth. The
other half is revealed when comparing the incidence of sites fulfilling the said condi-
tions with the incidence of rockslides and rockfalls, especially large ones. To the au-
thor’s knowledge a statistical investigation of this kind never has been made. But there
is no doubt that it would yield a considerable discrepancy suggesting the existence of
a causal connection. This fact was spotted in two of the earliest (and still of the best)
references. Howe (1909, 27), before speaking of triggers (earthquakes, readjustment
of stresses, water saturation), remarks: “... at a good many other localities... precisely
similar causal conditions now exist, and yet no landsliding has taken place...”. And in
his comments on Rossberg and Goldau Heim (1932, 72) expresses his opinion as fol-
lows. “A rockslide of this size can only be formed with a bedding slope angle below 30°
because it requires long years of preparation. On a steeper slope, rock gradually falls in
small portions, not waiting for the accumulation of a large event.” (translation by
Erismann). This formulation is, perhaps, somewhat too apodictic in postulating no
other parameter but slope. Nevertheless the basic idea is correct. As a matter of fact,
slope plus low resistance against motion plus lack of cohesion with adjacent stable
rock, in the normal course of things, result in gradual erosion or, at most, in a sequence
of small mass displacements. To put it the other way round: large events are excep-
tions. And in numerous cases their existence can be explained by, so to say, negative
causes, i.e. mechanisms inhibiting gradual displacement. Thus, by being retained in
place in combination with gradual alimentation of any kind, a considerable mass has
the time to accumulate before the breakdown of a massive obstacle, followed by the
release of a large event. This fact gives a new aspect to at least three of the basic pa-
rameters: coefficient of friction, cohesion, and external forces (for instance the pres-
sure of a glacier acting as abutment) may be “retaining” instead of “driving” causes.

Besides the just-mentioned force of a glacier, retaining causes may be, in the first
instance, the incomplete segregation of joint surfaces or a particularly high coefficient
of friction due to interlocking between the mass and the ground. Another possibility
is the wedging effect of a mass between lateral solid rocks which leave it a free pas-
sage narrowing from top to bottom (“non plus ultra” example: rockslide of Aegerti,
Bern, Switzerland, released and immediately arrested in 1901, Heim 1932, 158-162). A
similar effect also can occur between partial masses tending to move in convergent
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directions and thus blocking each other mutually. Examples for the collapse of abut-
ments in the true sense of the word are the large events of Cerro Mes6n Alto in Chile
and Totalp in the Grisons, Switzerland (2 and 0.4 km’ respectively) described by Abele
(1984, 168-169, 172) where barriers of stable crystalline rock had held in place masses
of less resistant material (andesite, serpentine).

So a pragmatic attribution of any cause (be it driving or retaining) to at least one
of the presented parameters (slope, friction, cohesion with stable rock, external force)
is obtained. It has to be borne in mind that a given cause must not necessarily act upon
one single parameter. Undercutting of the distal end of a mass by a river may, for ex-
ample, simultaneously increase slope (by taking away material lying on approximately
horizontal ground) and reduce cohesion with stable rock (by taking away material
abutting against the opposite slope).

To sum up the discussion of causes, a general statement is perhaps appropriate. The
search for the geomorphological circumstances favouring the release of a given mass
is nothing but an application of the four basic parameters to the features of the par-
ticular case (materials, arrangement of joints, faults, or other results of disintegration,
as well as bedding planes etc.). It is needless to say that the regularly repeated term
“sufficient” in the sentences to follow hereafter means as much as “sufficient in com-
bination with the other parameters claimed to be sufficient”. There must be a pre-
existing or easy-to-create surface sufficiently inclined to allow motion. This surface
must be sufficiently plane and/or offer a combination of materials granting sufficiently
low frictional resistance. There must be a sufficient separation of the presumptive
rockslide or rockfall mass from surrounding stable rock. The mass, if its gradual ac-
cumulation otherwise would be surpassed by gradual loss of material, must be kept
together for a sufficient time by retaining mechanisms. If the combined action of these
preconditions does not suffice, release still may occur by the action of sufficiently
strong external forces.

*

A great majority of causes, even if obvious for an expert, are difficult to assess with
respect to the time horizon of danger. In other words, the certainty that a catastrophic
event will occur is as good as useless if the question is left open whether the mass will
come down in a couple of days or in thousands of years. This fact calls attention to
the signals announcing the approach of danger.

The most important (and easiest to perceive) signal given by an impending event
is, as a rule, a slow motion, accelerated before a mass is released. So a powerful means
for the prediction of release consists in the observation and quantitative monitoring
of such displacements. The principle has little changed since the times of Heim (1932,
190); however, the technical means have developed rapidly. Instead of the installation
of a simple bar with marks to measure the width of a growing joint, extensometers
are installed in more than one single direction, inclinometers show angular motion,
piezometers determine the ground water level, and telemetric transmission makes it
possible to obtain a synoptic view of the displacements right at the headquarters of
operation. S0, in a well-monitored case, decision-making (for evacuations etc.) is pos-
sible on the basis of rather complete real-time knowledge of the situation.

It was, by the way, a macabre irony of fate that wrong interpretation and not a lack
of monitoring caused the catastrophe of Vaiont (Sect. 2.6). Fortunately successful moni-
toring,by no means impossible even in this tragic case, is known from numerous other
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events. Impressive examples are reported, for instance, about the risk management of
two rockfalls in Switzerland which both threatened the unique roads connecting vil-
lages Amden (St. Gallen, 1974) and Zermatt (Valais, 1991) to the respective main val-
leys (in the last-mentioned case also the hamlet Randa and the rack railroad). Jackli
and Kempf (1975) describe the event of Amden which could be managed with rela-
tively simple means. For the giant twin-stroke rockfall of Randa (Noverraz and
Bonnard 1991) high-tech equipment was used and extensive work had to be done:
evacuation of Randa, outlet to avoid inundation, helicopter service to Zermatt, etc..
Mechanisms and measures are shown in an instructive video record (GEOTEST/BWW
1992). A last example: long-term prophylactic monitoring in a densely populated val-
ley is permanently installed in the region of the Val Pola event where an unstable mass
has remained near the scar of the main slide (Sect. 2.5; I.S.M.E.S. 1990; Costa 1991;
Crosta 1991). More general remarks on monitoring have recently been published by
Bhandari (1990), Kovari (1990), and Krauter (1988).

Besides the mentioned successes, the importance of monitoring is stressed by the
fact that Heim’s dictum postulating for any rockslide a previous signal by slow mo-
tion (1932, 188-189) almost unconditionally holds good since more than 6o years. In
their investigation of the literature, embracing more than 200 references, the authors
encountered only one publication describing a case in a well-observed region for which
“There were no signs signalling the imminent slide” (Wildberger 1988,1381). Of course,
there were several cases in which no signal was observed, but then observation was
excluded by plausible reasons, as, for instance, the absence of observers in an unin-
habited region (example: Pandemonium Creek, Sect. 2.2; Evans et al. 1988).

*

So far, the present section, as part of a rigorously focused chapter, could be set up
with no more than approximately 20 quotations, a modest number when compared
with the comprehensive literature treating various aspects connected with the stabil-
ity of slopes and the release of masses. To assist readers wishing to dig deeper in this
context, an additional review of references is presented hereafter. The particular high-
lights of each publication, as far as connected with the scope of this section, are given
in bracketed telegraphic-style comments.

Publications containing basic information, be it theoretical or practical: Abele 1974
(chapter on release and its causes); Cruden 1976 (Canadian Rockies; engineering as-
pects of friction and effects of water); Eden 1975 (main concern: Leda clay, Canada);
Hutchinson 1993 (review of triggering and motional mechanisms); Krauter 1994
(anthropogeneous causes; accent on soil and mud); Law and Lumb 1978 (progressive
failure as important cause); Scheidegger 1970 (chapter on slopes, including stability);
Scheidegger 1984 (state of the art; importance of water); Selby 1987 (fundamentals of
slope stability); Ter-Stepanian 1977 (accent on clay; compound, complex slides etc.).

The following authors point out the importance of water (as well as already some
of the above-mentioned): Costa 1991 (Val Pola, Italy; s. also monitoring); Crosta 1991
(Val Pola, Italy; s. also monitoring); Cruden and Antoine 1984 (Mt. Gronier, France;
side glance to friction); Hewitt 1988 (Karakoram, Pakistan; freeze/thaw cycle as trig-
ger); Kojan and Hutchinson 1978 (Mayunamarca, Peru; reflections on friction); Ruby
and Hubbert 1959 (influence upon slope angles).

Volcanic activity and earthquakes also belong to the most frequently cited causes
of rockslides and rockfalls: Bull et al. 1994 (New Zealand and California; slides make
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possible lichen dating of earthquakes); Crozier 1991 (determination of paleoseismicity
from slides); Eisbacher 1977 (Mackenzie Mountains, Canada; incomplete release is
normal); Francis et al. 1985 (Sacompa, Chile); Muir 1912 (Yosemite, U.S.A.); Nicoletti
et al. 1993 (Scanno, Italy; earthquake report by Titus Livius?); Voight et al. 1983 (Mt.
St. Helens, U.S.A.); Watson and Wright 1967 (Saidmarreh, Iran; water considered as
important).

Of course, there are various aspects fitting into none of the groups mentioned here-
above. So the present section is closed with three extremely different references, one
dealing with a very slow, though essentially local process, the second with perhaps
the fastest imaginable (and somewhat exotic) one, while the third considers mass
movements from the fundamentally different viewpoint of tectonics: Samalikova 1977
(weathering mechanisms preparing failure of crystalline rock); Surenian 1988 (mete-
orite assumed to have triggered Kofels; Sect. 2.4); Scheidegger 1998 (tectonic prede-
sign).

Still, even in the relatively narrow sector of local-scale release an enormous field is
open for research.
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3.2
From Cohesion to Motion

Cohesion with surrounding stable rock may refer to the bottom surface of a mass as
well as to its (often more or less vertical) lateral and proximal surfaces. In other words:
also in the presumptive sliding surface sheer friction is not necessarily the unique force
that inhibits the start of motion.

At first sight, the crucial question in the context of cohesion seems to be nothing
but trivial: will the material’s strength suffice to resist the load exerted by the mass as
a consequence of gravity and - if any - of other forces? And since centuries qualita-
tive “danger indicators” are known. If, for instance, at the top of a suspicious-looking
mass of rock there is a growing crack, and if this crack - after a period of slow, steady
growth — starts to open at a distinctly accelerated pace, it is a high time to evacuate
persons and goods from the threatened area. It will become manifest in the further
course of this section that the present state of the art, except for a better understand-
ing of the phenomena observed and the improvement owed to modern monitoring
equipment (Sect. 3.1}, does not fundamentally differ from such traditional methods.

%

Quantification of the approach to cohesion, despite the last remark an important
task, depends in first instance on the available knowledge of the material’s strength.
This is by no means an easy task: rock is the product of a long and complex process
with countless parameters varying within wide limits. So for apparently one and the
same material the scatter band of strength may be remarkably extended. Selby, in his
excellent approach to this problem (1987, 476-478), remarks that in situ the modulus
of elasticity may be 20 times lower than that obtained from perfectly intact specimens.
He also describes a method to determine the quality of rock on the basis of a scoring
system that takes into account eight parameters (intact strength, weathering; param-
eters concerning joints: spacing, orientation, width, continuity, infill, outflow of wa-
ter), assessed each in a five-class rating (continuity and infill being rated together).
This is a valuable engineering tool yielding useful (though certainly not absolutely
accurate) results. It suffers, however, from being to a large extent a “black box™ system
and thus leaving in the dark the mechanisms behind the rating. Scientifically - and in
the long run also practically - this situation is unsatisfactory.

*

Atleast partially - namely in the quantitative consideration of joints or cracks - this
gap can be closed by introducing a tool of material sciences, known since a consider-
able time, but hitherto little used in connection with the initiation of rapid mass dis-
placements. So a short excursion to fracture mechanics is justified, although it is im-
possible to expose the subject in extenso and although the method at the present time
cannot substantially enhance practical work of mitigation; as a valuable counterweight
it yields some insight into the causal connections between strength and shape.

The history of fracture mechanics is typical for the destiny of an early finding. In
the endeavour to explain the behaviour of brittle materials like glass, Griffith (1920)
found a mathematical expression for the fracture of such a material in presence of a
flaw, idealised by a sharp-edged crack of given length. At the time glass was consid-
ered as a material of marginal importance as far as strength was at stake. So Griffith’s
outstanding work did not raise the interest it merited, and the study remained more
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or less forgotten for almost 40 years. In the meantime, especially under the influence
of a rapidly developing aircraft industry, the strength of brittle materials (in first in-
stance cast and/or heat-treated metals) more and more became a serious concern in
engineering. And the presence of flaws (for instance shrinkholes in castings or fatigue-
generated cracks) never could be excluded. So when Irwin (1957) revitalised Griffith’s
ideas and gave them a form appropriate for practical application, a world-wide echo
was evoked and fracture mechanics became one of the most important methods
(Liebowitz 1968), first in mechanical engineering and somewhat later in certain fields
of civil engineering and even mining (Gramberg 1989).

The philosophy of fracture mechanics is based on the fact that in the vicinity of a
flaw, again idealised by a sharp-edged crack, a massive local stress and strain concen-
tration reduces the strength of a body so that conventional calculations can yield dra-
matically wrong results. And even the introduction of so-called notch factors, in spite
of being successful in certain particular cases, fails to solve the problem. This is due
to the fact that stress concentration depends on the size of the flaw. In the basic for-
mula of fracture mechanics, the so-called stress intensity factor

K=sV(c a) (3.1)

is linked both to the mean stress s = F/ A (F being the total force exerted upon the
body and A its sectional area in the plane of the crack) and to the crack length 2 ¢
(Fig. 3.1). The dimensionless constant factor a depends on the mode (s. hereafter) and
the geometry of the considered body (for mode I and a body large enough to repre-
sent quasi infinite size a = 7 is valid). Obviously K has not the dimension of a stress
but that of a stress multiplied by the square root of a length (PaVm). With respect to
the crack length it must be borne in mind that the equation is correct for a perfectly
sharp-edged crack and that a discontinuous widening located near the sharp edge of
the crack (Fig. 3.2) sensibly reduces the length valid for the equation. It is, by the way,

Fig. 3.1. Basic concept of frac-
ture mechanics: plane, sharp-
edged crack of length 2cin a
sufficiently large body of suf-
ficiently brittle, homogeneous,
isotropic material. To deal with
cracks starting from the surface
of a body, the crack length is
halved along the plane marked
by dash-and-dot lines (sketch
by Erismann)
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Fig. 3.2. Effective crack length c. Irregular crack shape (a) and/or nearby cracks (b) may distort stress
distribution and reduce the crack length valid for fracture mechanical considerations. Resulting er-
rors are on the safe side: strength is higher than estimated (sketch by Erismann)

{

Fig. 3.3. Fracture mechanical loading modes I, II, III. Mnemonic keyword marks typical attitude of
animal’s mouth: I: alligator; II: bulldog; III: cow. Arrows indicate loading forces (sketch by Erismann)

a strong point of fracture mechanics that such imperfections, as a rule, are on the safe
side: usually strength, when calculated with idealised conditions, is underestimated.
Basically, the wide field of applications of fracture mechanics is divided into three
modes (Fig. 3.3). The key-word annexed hereafter to each mode has a mnemonic back-
ground: as the configurations belonging to the respective modes were easily mixed up
by students, one of the authors, in his lectures on the subject, introduced these alphabeti-
cally significant keywords linking each mode to a typical attitude of an animal’s mouth.

* Mode I (keyword: Alligator): a tensile stress, acting at right angles to the plane of
the crack, tends to open the crack.

* Mode II (keyword: Bulldog): a shearing stress, acting in the plane of the crack and
at right angles to the edge of the crack, tends to pull one of the jaws of the crack
away from its edge and to push the other jaw in the opposite direction.

* Mode III (keyword: Cow): a shearing stress, acting in the plane of the crack and
parallel to the edge of the crack, tends to displace the jaws of the crack into oppo-
site directions parallel to the edge of the crack.
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Fig. 3.4. Mode I fracture mechanical test of Kofels gneiss specimen (s. Sect. 2.4) between the circular
compression platens of a testing machine (a). To minimise the elastic energy stored in the machine,
the load is transmitted to the specimen by wedges driving apart roller bearings fixed to the specimen.
Anisotropy may favour (b) or exclude (c) correct testing (by courtesy of H. K. Hilsdorf, Institut fiir
Baustoffkunde, University of Karlsruhe, Germany)

In a somewhat simplified approach the cohesion between particular zones of the
mass and the surrounding solid rock can be attributed to the three modes as follows:
proximal to mode I, bottom to mode II, lateral to mode III. It is not excluded that mixed
modes - a mathematically rather demanding field emerging from neglect since a few
years — may play a certain role in days to come. The present state of general knowl-
edge about rock failure makes such sophistications obsolete for the time being.

One of the most important findings of fracture mechanics is the fact that, for a given
material, K has a finite maximum value, the critical stress intensity factor or fracture
toughness K, (usually written as K}, Ky, or Ky to indicate the particular mode). This
value is a strength-limiting parameter of the material and may be influenced by other
parameters, in first instance temperature and/or humidity for the materials of me-
chanical engineering; for rock, weathering is, perhaps, the most significant of Selby’s
parameters in this context. K. can be determined experimentally in testing machines
(Fig. 3.4), using specimens of standardised shape and size (ASTM 1974). It should be
added in parentheses that, owing to various refinements, fracture mechanics nowa-
days can be applied far beyond the rather narrow set of conditions for which it origi-
nally had been conceived.

Users not familiar with fracture toughness as an everyday working tool may pre-
fer inversion of Eq. 3.1 so as to obtain a critical stress
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Fig. 3.5. Critical fracture mechanical strength s;., represented as a function of crack length ¢ and
fracture toughness K. Bold line: strength of material with K;.= 2.2 MPaVm, limited to conventional
strength of 7 MPa in extension. Attention: functions are calculated from Eq. 3.2, assuming near-to-
ideal geometry (a = 7). As arule, real geometries are on the safe side: they yield slightly higher strength
(sketch by Erismann)

Kic

Sic = \/i (3.2)

where the index i stands for the respective mode I, II, or III (s, in such instances, can
be a tensile or a shearing stress). Besides the trivial advantage of allowing work as if
conventional stress were used, this simple trick also makes possible a direct compari-
son of conventional and fracture mechanical approach, an important point in view of
a particularity of the Eq. 3.1 and 3.2: as they completely leave aside the aspect of con-
ventional strength, they do not exclude, in case of very short cracks, stresses exceed-
ing those of conventional strength. The risk of erroneous results thus obtained can be
excluded by an appropriate graphic representation (Fig. 3.5) containing the necessary
limitation of stresses below the conventional value.
Obviously Eq. 3.1 and 3.2 signal a size effect: larger bodies with larger crack length ¢
are less resistant than smaller ones. This effect has to be added to the trivial size effect
given by the rules of similarity: as in geometrically similar conditions the sectional area
(A =BL in Fig. 3.6) is proportional to the square and the volume (V=B L H) to the
third power of the linear dimensions of a body, the mean stress (F/ A) turns out to be
size-proportional. So, as both size effects act in the same sense, there is no question
that a large mass will undergo fracture-generated release at a far lower slope than a
smaller one.

The second size effect merits a special comment. As a matter of fact, this “area-
to-volume” rule is ubiquitous in nature and human activity. To quote only two among
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Fig. 3.6. Trivial size effect (“area-to-volume” rule) in conventional fractural release of two geometri-
cally similar bodies. The gravitation-generated driving force is proportional to the volume L, B, H,
the resisting strength to the contact area L;B; (index i is 1 or 2, according to the respective body).
Thus the average stress in this area is proportional to H;. In a fracture mechanical consideration the
probability of longer cracks increases the effect (sketch by Erismann)

innumerable examples: it forces an elephant to move on column-like legs, while a dad-
dy long-legs comfortably rests on almost incredibly thin extremities; and it explains
to a certain extent why a champion in a skiff is slower than a mediocre crew of eight.
The importance for rockslides will entail repeated mentions in sections to follow
(Sect. 5.4, 6.2).

*

Fracture mechanics in its present form was developed in first instance for metals
and plastics, two classes of materials available in a highly homogeneous and, if not
reinforced, also isotropic state. For the application to rock certain precautions are re-
quired. Rock is nonhomogeneous, and therefore its strength may differ in different
locations of one and the same piece; rock is normally anisotropic, and therefore in
certain planes its strength may be unexpectedly high or low (Fig. 3.4¢; Hillemeier 1976;
Miiller and Rummel 1987). In accordance with Selby’s (1987) line of thought, the prac-
tical consequence is that the physical parameters of rock vary in far larger scatter bands
than those of materials having passed through a carefully supervised industrial pro-
cess. In particular a weak plane may play the part of a “hidden crack” or at least im-
press its low fracture toughness upon the surrounding zone of a body.

In order to make plausible the fracture mechanical aspect of release it is essential
to recall the differences between experiments and reality as encountered in a ready-
to-move mass. For the sake of accurate K, determination it is desirable in experimen-
tal fracture mechanics to obtain a stable crack growth not only until K, in Eq. 3.1 is
reached but also beyond this point. As K in such instances necessarily must remain
constant (K = K_), crack length only can grow at the expense of a diminishing force F.
Hence testing machines for fracture mechanics are conceived and programmed to keep
constant the pace of deformation, not of force (in this context, Selby’s belief in the
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possibility of making up for deficient stiffness of a testing machine by servohydraulic
control is somewhat optimistic 1987, 478). In a ready-to-move mass of rock, by con-
trast with a testing machine, the gravity-dependent driving force - at least in a first
approximation - remains constant so that, when the critical condition K = K_ is tres-
passed, Eq. 3.1 and 3.2 no longer can be fulfilled. In other words: if at all a crack starts
growing under constant force, an immediate collapse of cohesion is inevitable. Frac-
ture mechanics in such instances is a mechanism of “sudden death”. This statement is
in open contradiction with the fact that, as a rule, continuous crack growth, in many
cases signalled by continuous growth of a crack opening at the surface, is observed
before a mass is released.

One possible approach to solve the dilemma consists in introducing fatigue, the
property of a material to fail after many repetitions of a deforming stress, which by it-
self is not high enough to cause failure (Visser 1980, p. 348, Item 4 674). Most of the
experimental work done in the context of fatigue deals with metals and reinforced
plastics, and a good portion of it is aimed at phenomenological questions. Further-
more, our knowledge about fatigue mechanisms in rock is rather poor so that the
definition has to be accepted as another black box. In parentheses, it should be added
that fatigue may occur in conjunction with other phenomena like corrosion, abrasion,
weathering, etc. and that normally the resulting damage is increased in comparison
with that due to fatigue alone.

To obtain a general idea of fatigue crack propagation Paris’ hypothesis (1961), in
spite of a somewhat deficient scientific foundation, is useful as long as it is not em-
ployed to describe the process under very low (damage-free) stress amplitudes. In

e _ caky (33)

the left side expresses the growth of crack length ¢ per load cycle (cycle number N), C
and n are constant values (to be determined experimentally), and AK is the variation
of stress concentration in the considered load cycle. As C and n are scarcely available
for rock owing to lacking experimental results, the practical value of the equation is
mainly qualitative. In combination with Eq. 3.1 it makes obvious that, as crack length
grows cycle by cycle, also AK will grow in a manner to induce step-by-step increase of
dc/ dN. This means in clear that under more or less constant force cycles the crack
length - and consequently also the crack opening displacement (i.e. the crack width)
- will grow at an accelerated pace. This statement is in perfect coincidence with the
already mentioned field experience that acceleration of crack growth signals danger.
*

Fatigue is not the only mechanism allowing very slow mass displacement, acceler-
ated before release. In fact, progressive failure of interlocking contacts between the sur-
faces of mass and ground is, at least in its phenomenological appearance, analogous
to that of a growing crack under fatigue load. In contrast to fatigue, however, the reach
of such motion is not limited by the necessity of not losing cohesion with stable rock.
The term “interlocking” is used here in a sense not explicitly defined in Visser’s “Geo-
logical Nomenclature” (1980, 60, Item o 816; 225, Item 3 118; 303, Item 4 098), but it can
be found as an implicit constituent in the definition of the term “apparent coherence”
(p. 350, Item 4 693) which begins by “- may be observed along rock separation planes
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due to interlocking of surface roughness...” The sentence obviously implies the ability
of meshing asperities in two surfaces, to transmit a substantial shearing force from
one surface to the other. Hereafter, force-transmitting asperities of this kind will be
denominated as “locks”. Theoretically the original geometry would allow only for one
or two active locks in a pair of interlocking surfaces. But local crushing as well as small
elastic deformations will in any case distribute the total retaining force upon a multi-
tude of locks. Still massive stress concentrations near the locks are inevitable, an anal-
ogy to those near the edge of a crack in fracture mechanics and fatigue.

Now assume that, by a slight variation of the acting forces, comparable to that of a
fatigue cycle (examples are quoted hereafter), a highly stressed lock fails. The conse-
quence is a redistribution of loads in the remaining (and possibly also in newly loaded)
locks which, according to the local circumstances, may increase or reduce the stabil-
ity of the mass. Of course, reduction is more probable than increase because the fail-
ure of a lock reduces the number of possible load-bearing links and thus can be con-
sidered as a germ of “track-making”. The next cycle of lock failure(s) and redistribu-
tion of forces is initiated by the next sufficiently strong variation of the acting forces.
Owing to the redistribution the conditions of failure may substantially change from
cycle to cycle.

It is obvious that each readjustment of stresses and forces, as entirely depending
on gravitational energy, occurs at the expense of an increment in altitude and requires
a certain time. So a slow step-by-step downhill motion of the mass results, in other
words a rock-on-rock creep as insinuated under Heading 2.6. It is essential that any
mechanism able to alter the distribution of forces is potentially able to run the pro-
cess and that after each failure a redistribution of forces takes place. So a quasi-con-
tinuous motion becomes possible. The principle, though in the represented case far
from quasi-continuity, is shown in Fig. 3.7 with a minimum of locks. (It is remarkable
that Cotton 1960, 29, in describing soil creep, points out some remarkable analogies:
“Small to-and-fro movements... are always going on as the result of... heating and cool-
ing, freezing and thawing, wetting and drying. Owing to the constant pull of gravity
there is a predominance of downhill over uphill movements, and this results in down-
hill creep...”).

As the number of effective locks decreases at every step, the step length (i.e. the
displacement until a new set of sufficiently strong locks is “found”) normally will in-
crease and, in accordance therewith, a tendency to acceleration of the average veloc-
ity has to be expected - a striking analogy to the process described for fatigue crack
growth. Eventually, if interlocking is the dominant retaining force, release takes place
as soon as a new equilibrium of forces no longer can be established after the last fail-
ure of a lock. It has to be taken into account in this context that, owing to the increas-
ing velocity at the end of a step, possibly even the kinetic energy no longer can be
neglected: it may help to cut away locks.

To make things clear, two comments should be made before closing the discussion
about progressive failure. (1) Both fracture mechanics and fatigue may occur in the
process of progressive failure: a local fracture initiating a step of progressive failure
very probably is brittle, and it may be the result of several fatigue cycles as well as that
of one single load peak. (2) The presented form of progressive failure is not identical
with that described by Law and Lumb (1978); yet both mechanisms are based on re-
distribution of stresses after local failure.
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Fig. 3.7. Progressive failure, working principle. a, b, ¢, d: Sections through contact planes between
ground and creeping mass, showing from top to bottom four positions of a pair of locks. Each posi-
tion is synchronous with the respective positions of the other sections. Changes are due to slight varia-
tions of stress, peak loads exceeding the strength of a lock and thus provoking a minute displacement
and a redistribution of loads. In reality the mass is kept in place by many locks, and not every change
involves loading of new locks. Note cracks before and debris after failure (sketch by Erismann)

Anyhow, both fatigue and progressive failure essentially depend on mechanisms
of repeated load variations in critical zones of a presumable rockslide mass, be it by
continued attack at one single location (as in fatigue), be it by currently changing the
location of attack (as in progressive failure). So it is worthwhile to sort out the mecha-
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nisms capable of substantial effects by repetition. The following comments begin with
a low-stress mechanism unable to generate a considerable mass displacement in one
single cycle; later more powerful mechanisms will follow, and single stroke action no
longer will be excluded a priori.

The generation of cracks by a stress due to thermal elongation is possible when a
cold surface is forced into tensile elongation by a warmer core of a coherent mass. A
variation of approximately +5 °C against the average is obtained at a depth of 0.05 m
in a 24-hours cycle and at 2 m in a seasonal cycle (Schindler and Nievergelt 1990, 241;
the figures, obtained in dry sand under moderate climatic conditions, give an order
of magnitude). Now a variation of 10 °C from minimum to maximum, with a modu-
lus of elasticity around 15 GPa and a specific thermal elongation of 0.002 mm per m
and °C, means an elongation of 20 mm per km length and a stress variation of about
0.3 MPa, a rather poor basis both for fracture mechanics and progressive failure. In
fact, according to Eq. 3.1 a perfect crack 2c = 10 m long would be required to produce
single stroke fracture with a K, value of 1.2 MPaVm. This is substantially more than
the depth at which significant temperature variations normally occur. In other words:
if circumstances are not particularly favourable, thermal elongation may be good
enough for seasonal-cycle fatigue crack growth near the surface of a mass (immedi-
ately below the surface also 24-hours cycles may be effective).

The just-mentioned particularly favourable circumstances merit a short comment.
With a massively jointed geometry as represented (for other purposes) in Fig. 3.2b the
variations of temperature, owing to reduced distance for heat transfer and greatly
enlarged surface, may get nearer to the edge of a crack. Another powerful mechanism
is heat transport by flowing interstitial water. And a third - perhaps the most promis-
ing one - consists in the pre-existence of strata-bound weak planes (with extremely
low K values). In spite of the obvious increase of its effectiveness by such mechanisms
it is not probable that thermal elongation can dramatically reach beyond the limits
postulated here-above.

Faster progress can be expected from phenomena exerting higher stresses and, in
addition, occurring more frequently. Hydrostatic pressure of water penetrating into a
crack is one candidate. Its effect largely depends on the water depth (yielding a pres-
sure of about 0.1 MPa per 10 m). It is well known that interstitial water pressures may
reach values several times higher than 0.1 MPa. Peak depths normally occur after heavy
precipitation, so that, according to the climatic conditions, several peaks per year may
be the rule. In addition it has to be pointed out that the generated stress is not equal
to the hydraulic pressure. To quote an example: in a water-filled crack (Fig. 3.8) it be-
comes evident that the tensile force exerted upon the mass is, roughly speaking, pro-
portional to the square of the crack length, while the sectional area undergoing this
force is proportional to the difference between total thickness of the mass and crack
length. So, if cracks reach deep, the average tensile stress may be substantially higher
than hydrostatic pressure, and, in contrast to thermal elongation, the mechanism turns
out to be particularly effective in the late phases which precede (or include) trigger-
ing. Numerous disasters in the course of or shortly after intense precipitation are note-
worthy evidence in this context.

On the other hand, it has to be taken into account that increasing crack opening
normally results in widening escape sections for the water so that the direct driving
effect is reduced or lost owing to deficient depth. Still an indirect drive can occur from
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Fig. 3.8. Stress concentration ™~
(chequered area) near the edge \\
of a water-filled crack. Atten-
tion: stress intensity (Eq. 3.1) is

proportional to water depth [~/ \\
and square root of crack - - { P\
length (sketch by Erismann) Z? \\
N
a=e \\\
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the sliding surface by a reduction of friction due to the lifting effect of water acting as
a pressurised lubricant. This mechanism is assumed for Vaiont (Sect. 2.6) and it might
be the source of repetitive drive maxima in cases similar to that of Fig. 3.7.

In regions with sufficiently cold winter climate a further mechanism connected with
water is freezing. And usually there is a tendency of cumulation of the stress thus gen-
erated with that coming from thermal contraction by low temperature: both drive the
jaws of the crack apart, thus increasing the local stress concentration. It must, how-
ever, be taken into account that a sharp-edged crack necessarily is extremely narrow
so that a gain in volume of about 8% (as occurring in the process of freezing) cannot
produce a substantial displacement. In this respect the mechanism somewhat resem-
bles that in a very stiff testing machine under load: only little energy is stored in the
device driving apart the jaws of the crack. Thus a single stroke release in a majority
of cases is not probable, and freezing normally is reduced to play its part as a motor
in a mechanism of fatigue or progressive failure. Also this fact is in perfect coinci-
dence with field evidence: rockslides seldom occur in the cold season. Theoretically
the resulting stress might be in the range of 20 MPa if crack growth were excluded;
yet, as soon as the crack starts growing, the stress immediately decreases. An example
of this mechanism acting by mere dilatation is given by Howe (1909, 52) for the fa-
mous Frank slide (Alberta, Canada): “The heavy frost on the morning of the slide, which
followed hot, summer-like days, appears to have been the force which severed the last
thread and precipitated the unbalanced mass.”

A completely different mechanism connected with freezing was described by Hewitt
(1988, 242) for rockslides he had observed in the Karakoram. The respective sentences
run as follows: “The landslides occurred during the melting of a larger than normal
snowpack and during a period of heavy rainstorms. The regulation of meltwater sup-
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ply by diurnal freeze-thaw cycles seems to have been the trigger for the sequence of fail-
ures on successive days and late in each day”
*

One of the most referred-to release mechanisms is due to the dwindling of glaciers.
This phenomenon has been known for a long time: Heim (1932, 185) describes it as
follows. “By the melting process of the glaciers the mountainsides were freed from the
counterpressure of the ice, and rock masses, loosened over the course of hundreds or
thousands of years, broke off in particularly large portions.” (translation by Erismann).
Obviously the stress thus generated in the rock can be much higher than in case of
the above-discussed mechanisms and, under adequate geometrical conditions, it can
equal the hydraulic pressure of the ice (Fig. 3.9). In other words, the stress at the bot-
tom of a mass may be somewhat less than 1 MPa per 100 m of ice thickness. So in a
large glacier hundreds of meters thick it can reach remarkable values. The primary
influence of this stress upon the rock is compression, and only few cracks are gener-
ated or enlarged within the presumptive rockslide mass. Nevertheless, besides the
never-excluded underground activity of water and, above all, the (depth-dependent)
undercutting of slopes by the action of glaciers, at least three mechanisms of damage
are possible, namely fatigue and progressive failure due to repeated variations of ice
thickness and, if the pressure acts during a sufficiently long time, a redistribution of
strain and stress within the rock owing to relaxation. This last-mentioned process shifts
the non-stress conditions so as to induce extension as soon as the pressure decreases
substantially. Hence cracks may develop, and both single stroke and fatigue scenarios
may result.

Anyhow, it is nothing but natural that glacial periods are, as a rule, followed by fre-
quent rockslides. The time scale of this process, however, is undergoing some correc-
tions at the present time. For many decades it was an established school of thought
that a majority of the large Alpine rockslides came down more or less soon after the
recession of the ice. In fact, a look at Fig. 3.9b gives the impression of an immediately
impending rockslide, and it appears plausible to consider glacier recession as a typi-

Fig. 3.9. Quasi-hydrostatic pressure of glacier upon rockslide-endangered mass. Cross-sections
through valley before (a) and after (b) intense melting. 1: bedrock; 2: mass; 3: moraine; 4: glacier.
Arrows indicate approximate direction and amount of pressure (sketch by Erismann)
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cal single-stroke mechanism. But since it has become current practice to determine
the age of the events by physical means (in first instance by radiocarbon dating), vari-
ous assumptions had to be revised (Abele 1997b). Poschinger (1997) gives the ages of
four Tyrolean and Bavarian events originally assumed to have occurred in late glacial
or, at the best, in immediate postglacial time (for K6fels the most recent dating is quoted
hereafter).

* ~8700 B.p.: Kofels, Tyrol (Sect. 2.1, 2.4; Ivy-Ochs et al. 1998);

= ~3700 B.p.: Eibsee, Bavaria (Jerz and Poschinger 1995, 389-391);

* ~3500 B.p.: Hintersee, Bavaria (Poschinger and Thom 1995, 408);

= ~2900 B.p.: Tschirgant (Sect. 2.1, 2.2; Patzelt and Poscher 1993, 209).

On this basis Poschinger raises the question of the future development of rockslide
and rockfall catastrophes. He comes to the speculative conclusion that certainly a
number of events followed the recession of the glaciers rather soon, but that in the
meantime other causes have had the time to create new dangerous situations so that
an increase of risks may be expected in future (all the more in case of further reces-
sion of the glaciers). It is not easy to judge this idea at the time being. As a matter of
fact, only an evaluation of a far larger number of events might yield a statistically rel-
evant result. In the hope that such an investigation will be carried out one day, it re-
mains an open question, how far recent events are the rearguard of glacier recession
(as insinuated by Noverraz and Bonnard 1991, 169, for the giant rockfall of Randa) or
forerunners of phenomena developing clandestinely. When taking into account the
possibility that, for instance, a series of fatigue loadings at the beginning of glacier
recession may have been interrupted at any degree of damage accumulation, the rear-
guard hypothesis cannot be rejected without further ado.

*

In this context, besides the recession of glaciers, the problem of permafrost can be
especially important. It is not intended here to go into the details of Biidel’s (1977, 19-87)
reflections on “Eisrinde”. Yet, one has to be aware of the fact that ice in permafrost
conditions is a resistant rock and that its thermal destruction can reduce in a cata-
strophic manner the stability of certain mountain-ranges. Gravity-driven events thus
resulting often tend to come down in relatively small portions (Stotter et al. 1996). The
endeavour, in some recent studies, to consider expected events from the standpoint
of the'material’s stress resistance is most promising in the context of release predic-
tion (Wegmann 1998; Wegmann et al. 1999; Funk, in press).

*

One of the most important force-generating mechanisms is due to earthquakes.
Here the input of energy into a mass is influenced not only by the (longitudinal or
transverse) earthquake waves but also by the relation between their frequency and
the natural frequency of the mass. Obviously, if the natural frequency is definitely
higher than the wave frequency, the forces exerted upon a mass essentially depend on
the accelerations of the waves; in contrast thereto they depend on the spatial wave
amplitudes if the relation of the frequencies is inverse; in between is the field of reso-
nance (or, in view of the irregular sequence of earthquake oscillations: quasi-reso-
nance) where the resulting oscillations of the mass reach their maximum. It is, there-
fore, worthwhile to consider the orders of magnitude of frequencies. The conditions
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of excitation (in particular the direction of the acceleration with respect to the mass)
are assumed to be so as to produce the largest possible effect.

The highest amount of superficially tangible earthquake energy is observed in
transverse waves with amplitudes decreasing in function of depth (Rayleigh and in
particular Love waves). In the vicinity of the epicentre several shocks separated by
seconds or minutes may be observed. Therefore quasi-resonance is due rather to the
variety of wave paths between metacentre and considered mass than to the sequen-
tial order of shocks. Frequencies in the range above 5 Hz are the rule, and if such is
also the natural frequency of a mass, resonance magnifications up to 2.5 can be ob-
served. To quote an easy-to-follow example: a large mass as shown in Fig. 3.6, coher-
ent in itself but having no lateral or proximal coherence with solid rock, obviously
will assume a shearing oscillation and its natural frequency will be

_NG/o
f———4H (3.4)

where G is the shear modulus of the material, dits density, and H the thickness of the
mass. It will be observed that neither length nor breadth of the mass are relevant as
long as shearing is the dominant mode of deformation. With G = 5 GPaand d = 2500 kg
per m® a frequency of 5 Hz is approximately correlated with a thickness H = 70 m. This
means in clear English, that quasi-resonance is not excluded and, under extreme cir-
cumstances, the maximum acceleration of a very heavy earthquake (acceleration 0.5 g)
has to be multiplied by 2.5, thus yielding 1.25 g. There is, of course, no need to go into
further details to demonstrate the dramatic possibilities of great earthquakes as sin-
gle stroke release mechanisms. For the sake of completeness, however, it should be
recalled that analogous results are easy to obtain with resonance in bending oscilla-
tions and that even in case of far smaller magnitudes still an efficient fatigue mecha-
nism can be at work, especially in regions with frequent earthquakes.

Again the coincidence with field experience is obvious: gravitational mass displace-
ments are an almost regular consequence of heavy earthquakes. If there is any need for
illustration, a most vivid one is given in Muir’s description of the great earthquake of
March 26,1872 that he had observed in Yosemite Valley, California, U.S.A. (1912, 59-65);
once more, the catastrophe of Huascardn/Yungay is tragic evidence (Sect. 2.7); and one
of the largest slides known on Earth, Saidmarreh (Iran), probably was triggered by an
earthquake (Watson and Wright 1967, 126).

Eventually, it is important to note that also in the context of earthquakes a size ef-
fect is obvious, the stress for a given acceleration being proportional to the thickness
of the material. This size effect, however, is superposed by resonance (if any) so that
particular geometries may result in partial reversal of the general tendency.

*

Of course, volcanic activity connected with earthquakes can change the slope, a
parameter up to now tacitly assumed as constant. In certain (and by no means rare)
cases, however, much less is needed to steepen a slope from harmless to dangerous in
spite of unchanged values for the impeding parameters (cohesion and/or coefficient
of friction). If, for example, the slope diminishes from the head to the toe of a mass
(Fig. 3.10), small events (e.g. erosion, rockfalls, etc.) may increase the effective slope
angle: both the load of additional material at the head and the loss of material at the
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Fig. 3.10. Mass on slope decreasing from head to toe, situation (a) before and (b) after loading at the
head and unloading at the toe, both resulting in a displacement of the centre of gravity G and an
increase of the average slope angle 8. Note that boosting is possible by dynamic effects at the head
and rapid removal of debris at the toe (sketch by Erismann)

toe tend to displace the centre of gravity of the total mass uphill to the region of high
slope (Hutchinson and Bhandary 1971). Obviously the static effect of the mechanism
(slow, quasi-continuous loading/unloading) may transiently be boosted by dynamic
conditions (sudden loading by material moving fast) or by conditions favouring rapid
removal of the debris at the toe. And obviously an inverse (stabilising) effect occurs
on a slope increasing from head to toe: a loss of mass at the toe, as far as it occurs in
portions small enough to avoid catastrophic consequences, reduces the average slope
and thus helps the main mass to remain on top.

In mentioning rapid removal of debris at the toe perhaps the most important
mechanism of slope steepening is mooted. In fact, flowing water is responsible for so
many displacements of loose rock material that its high transporting capacity, for the
moment, needs no further explanations (it will be treated in more detail in another
context under Heading 3.3). To state the essential point in other terms: a moderate
volume of material removed by water may have played the part of an abutment for a
far larger volume that, after having lost this last hold, will come down.

*

Perhaps it is useful to give a short summary of the conclusions obtained in this

somewhat extended section.

11. As rocks usually are brittle and often rich in pre-existing cracks, the quantitative
approach to cohesion should not be undertaken without at least a side glance to
fracture mechanics and taking into account the special features of rocky material
(in first instance nonhomogeneity and anisotropy).

12. However, in view of the large scatter bands of parameters in rock, the fracture
mechanical approach means rather improved understanding of mechanisms than
accurate calculation of particular cases (this situation may improve with better
knowledge of materials).

13. Under the constant drive of gravity fracture mechanics would display a single-
stroke character, thus contradicting the slow opening of cracks as normally pre-
ceding release. This dilemma can be solved by introducing fatigue, or, in cases of
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creep over more extended distances, by progressive failure of interlocking surfaces.
The last-mentioned mechanism is not necessarily based on fracture mechanics.

14. Acceleration of fatigue crack opening or creep by progressive failure is a signal of
increasing danger.

15. The following mechanisms are able to generate repetitive loading as required for
fatigue or progressive failure: thermal elongation; hydrostatic water pressure; freez-
ing (sometimes combined with thawing); recession and re-growth of glaciers; earth-
quakes. At least the two last-mentioned mechanisms also may be strong enough to
act by one single stroke. Slope-steepening mechanisms are essentially acting in a
single stroke. Other mechanisms are rare in comparison with those mentioned.

16.In conventional, all the more in fracture mechanical cohesion as well as in several
driving mechanisms (water pressure, melting of glaciers, earthquakes) size effects,
all acting in the same sense, are present: if geometrically similar cases are consid-
ered, large events have a better chance of release than smaller ones.

More exotic possibilities of release are described under Heading 3.3.
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3.3
Particular Mechanisms

The present section mainly deals with release mechanisms not very often encountered
in connection with rockslides and rockfalls. Several particular cases even must be
considered as definitely exotic and are presented without any pretension to practical
use. Their interest lies rather in the fact that the immanent logic of an outstanding,
perhaps impossible process may be helpful in grasping the essence of more normal
cases. Other mechanisms treated hereafter have demonstrated their practical impor-
tance at rare but spectacular occasions. And two mechanisms connected with water
(in one case flowing, in the other statically pressurised) even can play an important
role in the frequent processes of slope creep and slope steepening (Sect. 2.6, 3.2).
*

To begin with one of the occasions mentioned as “rare but spectacular”: the mate-
rial of the Huascardn event (Sect. 2.7; Fig. 3.11) - as far as ice and moraine from the
summit region are concerned - had been transported by the external locomotive power
of a glacier to the top of the almost vertical wall where, shaken by the terrible earth-
quake of May 31, 1970, it lost balance together with further rock masses. The previous
analogous events (January 10, 1962, and prehistoric), as well as the configuration hav-
ing caused the tragic outcome, have already been discussed (Sect. 2.7).

*

While in the mechanism of undercutting a slope the effect of rapidly moving wa-
ter is obvious (Sect. 3.2), a direct mobilisation of rock by pushing it over the edge on
top of a steep slope hardly can reach a substantial scale: it normally cannot release

Fig. 3.11. Glacier transporting
moraine and other rock material
near the edge of a steep slope.
Fractures due to cracks in the
ice may break through and
thus initiate a catastrophic
event. In the case of Huascardn
(1970), the triggering earth-
quake was strong enough to
detach additional rock below
the ice (sketch by Erismann)
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more than single blocks or - at most - a rockfall of moderate size. Nevertheless the
transporting capacity of water should not be underestimated as can be demonstrated
by the following calculation.

The force F, exerted by a turbulent flow of velocity v upon a completely immersed
block with a sectional area A at right angles to the vector of v is

F,= 0.5AcO,V? (3.5)

where c is the dimensionless, shape-dependent drag coefficient and J,, the density of
water. To move the block on approximately horizontal ground the friction

has to be overcome. V is the volume of the block, d; the density of its rock, g the gravi-
tational acceleration, and p the coefficient of friction. By equating the forces F, and F,
the critical velocity

Vug(o, —9,,)
Ve = NI—”gZAT (3.7)

can be determined. It marks the transition from standstill to motion.

The difficulty in applying this formula consists in finding realistic values for the
parameters involved. Only g is practically constant; d, and d,, vary in relatively nar-
row bands (d,, according to the amount of suspended fine-grained particles in the
water); V and A can be measured or, at least, estimated for a particular case. The most
problematic parameters are ¢ and y, the dimensionless coefficients. c depends on the
more or less streamlined shape of a block (taking into account its angular position
with respect to the vector of v) and can assume values between 0.2 and unity. y€s a
function of the local conditions in the water-lubricated contact surfaces so that a range
from o.15 to 0.5 might be realistic.

In spite of such uncertainties, Eq. 3.7 may be useful to obtain the order of magni-
tude of v, (and more if applied with due care). In Fig. 3.12 volume V is shown as a func-
tion of critical velocity v, for a completely immersed, approximately spherical body,
but reposing on a sufficient surface to exclude rolling. The chosen parameters are:
0,/ dy= 2.5, ¢ = 0.5, y = 0.25. When interpreting the figure it must be borne in mind

1. that parameters in the middle of the considered ranges are used so that, if worst
comes to worst, v, may assume half the value suggested by the figure (as might be
expected for a sharp-edged cube on slippery ground); and that in the opposite case
a well-streamlined block may remain in place even at somewhat more than twice
the velocity obtained from the diagram;

2. that dramatic changes of the critical velocity are possible if the block initially rests
on inclined ground with a - positive or negative - slope angle 3 (for soft slopes y
may be replaced by p - tanf3);

3. that in case of partial immersion corrections have to be made - a somewhat tricky
business as ¢ may suffer unexpected changes, for instance owing to formation of
waves;
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Fig. 3.12. Volume V of 1000

immersed, approximately /
spheric, but non-rolling block 500 A
against critical velocity v, of

horizontally flowing water just

able to overcome the block’s 200 V4
resistance against sliding /
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4. that appropriately shaped blocks (especially if completely immersed) may be dis-
placed by rolling instead of sliding, thus making Eq. 3.7 obsolete and possibly reducing
the critical velocity in a dramatic manner (for the sake of quantification it should be
remembered that rolling on horizontal ground requires y > tan4s° = 1.0 for a square
section and y > tan30° = 0.577 for a regularly hexagonal one; s. also Sect. 5.3).

Anyhow, the figure strikingly demonstrates the remarkable capacity of rapidly flow-

ing water to move even rather large boulders.
*

Not necessarily the first displacement after release of a block must occur by slid-
ing or falling. As illustrated in Fig. 3.13, the step-by-step release of a mass affected with
overhanging transversal cracks results in a toppling motion of slab-shaped elements.
A further possibility of toppling release of an initially well-balanced tower-like mass
may be due to yielding of the material at the tower’s bottom, for instance owing to
local erosion (Fig. 3.14a). And even after having started a sliding motion, a sufficiently
tall mass may lose balance owing to variations of slope and/or friction. On the other
hand, tower-shaped peaks are not necessarily released by toppling, especially if the
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Fig. 3.13, Step-by-step release
by toppling of slab-shaped
blocks separated by cracks.
Substantially larger distances
between the fracture-genera-
ting cracks would result in
sliding (sketch by Erismann)

Fig. 3.14. Preconditions of toppling. a Tower-like mass with eroded zone (black) at its bottom; b mental
experiment with slender tower sliding “upright” on steep, plane, perfectly frictionless slope.
Fy = gravitational force; F,=component perpendicular to slope; F,= component accelerating mass
parallel to slope; F, = inertial reaction of mass balancing F,; ¢ skier in slope-adapted (not gravity-
adapted) positions as illustrative approximation to b (sketch by Erismann)

supporting material has a tendency to sink and numerous pre-existing joints make a
more internal collapse possible (Lehmann 1926, 280-281; 291-294).

By no means is forward toppling the only possible mode: every person unsuspectingly
having set foot on an icy slope knows from experience that backward toppling may be an
important alternative. And Howe, in his excellent description of slides in Colorado (1909,
53), remarks: “... when large blocks slipped down their upper portions have fallen back-
ward...”. In spite of being remarkably fascinating, the discussion of a general theory of
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combined sliding and toppling would go beyond the frame of this book. One example,
however, incongruous at first sight but trivial after due consideration, may serve as a
spotlight. In case of negligible friction and sufficiently smooth transitions between dif-
ferent slopes, a well-shaped, tall prismatic body never will lose its equilibrium, what-
ever the slope angle will be (Fig. 3.14b). An impressing illustration is given by the fact
that downhill skiers even on the steepest slopes stand “upright” with respect to their skis
(and not to gravitation, Fig. 3.14¢c). A marginal note should be made in this context: as a
consequence of the almost complete absence of friction the moving body, on a sufficiently
long slope, accelerates until gravitation is balanced by air drag; but even then stability is
not lost as long as the drag centre is located not too far from the centre of gravity...

In itself, toppling is, as a rule, not of fundamental importance for the further dis-
placement of the mass. Of course, a certain amount of kinetic energy results from the
rapid loss of height. But a substantial part of this energy is dissipated in the collision
with the ground. Significant effects are rather due to the mode of disintegration after
toppling. Anticipating the considerations of Chap. 4, three possibilities are presented.

11. A coherent mass may remain intact after toppling and continue its travel by sliding
(Fig. 3.15b). Then, owing to the contribution of the energy acquired in toppling, its
kinetic energy (in other words: its velocity) will slightly exceed that of an analo-
gous (though not very prebable) sliding process in an upright position (Fig. 3.15a).

12. The mass may be broken to pieces when hitting the ground, thus being transformed
into smaller blocks which will roll, slide, or fall according to the local circumstances
(Fig. 3.15¢). This means an extremely early transition from coherent to disinte-
grated motion with all consequences resulting therefrom (Chap. 4; Sect. 5.1).

13. If coherence at the top of the mass is bad right from the start of toppling, the inter-
esting phenomenon of “catapulting” is not excluded: a block on top of a tower-
shaped mass, interlocked though not coherent with the rest of this mass, may take
part in its toppling motion until the centrifugal force pulls it off. Such a block can
reach a sensibly higher horizontal velocity than the bulk of the mass (Fig. 3.16).

Fig. 3.15. Possible case histories of tower-like masses. a Sliding (only in particular cases, if friction
and slenderness low); b toppling and sliding in coherent state; ¢ disintegration in toppling (most
probable case) and displacement as debris (sketch by Erismann)
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Fig. 3.16. Catapulting of block,
interlocking though not coher-
ing on top of toppling prismatic
tower. P, = taking off point;

P, =landing point where the
velocity of the block may be
approximately twice that of the
main mass, in case of conical
towers even more. Note: for
ideal (infinitely slender, fricti-
onlessly rotating) prismatic
towers take-off angle is in-
dependent from height (sketch
by Erismann)

The key-word “catapulting” signals a threat: it is not excluded that after toppling
relatively small - though still dangerous - parts of a mass will move faster than the
rest and possibly also reach farther. Thus it is justified to consider the mechanism a
bit more in detail. As a typical (and easy-to-treat) example a prismatic rock column
with a comparatively light block (of dynamically negligible mass) on its top is cho-
sen. And for the sake of simplicity only the most probable configuration is analysed
in which a backward displacement of the column’s bottom is excluded. (As a curiosity
it might be remarked that in case of a frictionless contact with a horizontal ground
toppling would consist of a rotation of the column around its centre of gravity which
would fall vertically.)

Assume in the configuration of Fig. 3.16 the prism to be “infinitely” slender and to
rotate without friction around its bottom. Then, by equating its gravitational to its
kinetic energy the velocity at its top

v = 43gL(1 - cos B) (3.8)

can be determined. g is the gravitational acceleration, L the length of the column, and
Ethe angle of its momentary inclination. In the moment of taking off the centripetal
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acceleration of the block on top of the column, 3g(1 - cosf3), must equal the centrip-
etal component of gravitational acceleration, g cosf. The resulting equation

3(1 - cosf) = cosf (3.9)

yields cosf3, = 0.75, B, = 41.4°, the critical velocity v, = 0.866V (gL), and the horizontal
component thereof, v, = 0.650V (gL). In order to obtain a reasonable comparison with
the movement of the column, the maximal horizontal component of velocity of its
centre of gravity v,,, = 0.333V(gL) is calculated by appropriate differentiation of Eq. 3.8.
The respective angular values are cosf3,, = 0.667 and f3,,= 48.2°. These figures mean
in clear English: under the assumed conditions the block on top of the column attains
an initial horizontal component of velocity 1.95 times higher than the column itself.

This example, in itself neither typical nor even particularly probable, reveals the
fact that single blocks, initially perching on top of tall rock bodies, may after toppling
precede the rest of the mass at approximately the double starting velocity. So, if the
following travel of the mass is not too long and not too uneven, it is by no means ex-
cluded that such blocks never will be caught up by the bulk of the mass and thus may
produce damages at unexpectedly distant locations.

*

Besides other effects of hydrostatic water pressure as mentioned in Sect. 2.2,3.1,and
3.2, particular importance was attributed to the circumstances preceding the descent
of the Vaiont slide (Sect. 2.6) where a large mass of rock lost its stability under condi-
tions resembling in more than one respect those of floating. So it is perhaps worth-
while to look into the details of this phenomenon that certainly occurs more frequently
on a far smaller scale.

Consider the conditions required to start the downhill displacement of a slab-shaped
block, partly supported by the pressure of a coherent water cushion and thus enabled
to get over an arresting obstacle (Fig. 3.17a). Assume further that somehow the water
is enclosed below the block and independent from external pressure sources. Eventu-

Fig. 3.17. a Water-filled void under flat block as mechanism favouring release by pushing the block
off the slope; b rectangular slab as easy-to-calculate model. F, = gravitational force of rock; F,, = force
generated by hydrostatic pressure of water (sketch by Erismann)
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Fig. 3.18. Forces F, and F,,

(s. Fig. 3.17) and their com-
ponents F,,, F,,, F,,1, F, in the
supporting points P; and P,.

H and L = thickness and length
of slab, respectively; Py= centre
of incremental rotation in case
of sliding; R, and R, =radii

Py - P, and P, - P, respectively;
B =slope angle; AB= additional
angle representing obstacle
(sketch by Erismann)

ally, to simplify things without serious violation of the basic conditions, replace the
block by an appropriate rectangular slab of length L and thickness H (Fig. 3.17b). By
exception of the reactions from the ground and friction, only two forces are active,
namely weight F, and buoyancy F,,. As pressure is proportional to the local water depth,
buoyancy is obviously excentric. The situation (similar, though extremely simplified
in comparison to that observed in Vaiont valley), when considered in Fig. 3.17b, gives
the impression of being quite simple.

First doubts with respect to such seeming simplicity will turn up when looking at
Fig. 3.18 where the basic information required to calculate the conditions of motion
is presented. It is not intended to bother the reader with a detailed deduction of the
somewhat complicated Eq. 3.10. For the points of contact P; and P, this formula yields
the critical coefficient of friction (assumed as being equal for both points),

. [+ h*tan ) sin(B-ABy+ aqsingsina Bl + s(h—H tanB)sin Beosa],
* 6tk tan B)cos(B—AB)—4qsinBeosA B +6(h—tanB)cos foosAB-2qsinBcosapl,
(3.10)
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Fig. 3.19. Quantitative effects of water-filled void under flat block (s. Fig. 3.17 and 3.18). Critical co-
efficient of friction y. (above which no sliding is possible) as a function of angles 8 and Af, and
relative thickness h = H/ L. Curves: bold dots and dashes: immobility; bold: sliding; fine: lifted at proxi-
mal end; fine dots and dashes: lifted at distal end (according to qualitative character shown on top
right). Triangles in central graph refer to example presented in text (diagram by Erismann)

below which the slab will move. Partial results (s. brackets with indices 1, 2) signal pos-
sible lifting of P, or P,. To use the results of the equation it is not necessary to go into
further mathematical details. For a water-to-rock density ratio of g =1:2.5, Fig. 3.19
gives an idea of what can be expected if the approximate relative thickness h=H/L
of a slab-like block, the main slope angle f, and the differential angle A are known.
In the respective graph (given by Af), the critical coefficient of friction g, is simply
the value of the ordinate for the given configuration of parameters. An example: as-
sume H/ L = 0.3, B=49° and AB = 45°% then p, is found in the central graph at left of
the crossing of curve 0.3 with the vertical line for = 50, i.e. at a value of 1.0 (black
triangular mark in Fig. 3.19). As usual coefficients of friction definitely lie below this
figure, there is a good reason to expect that the block, in this particular case, will move.

Additional information is given by the character of the curve at the considered point.
In the case assumed here-above the curve is bold. The meaning thereof is shown on
top right in the figure: the block accomplishes pure sliding. Now let the slope angle
increase from 49° to 55° (contoured triangle). The critical coefficient of friction is in-
creased by about 0.3, but the line is changed from bold to fine. This signals that the
water pressure is sufficient to lift the block at its proximal end, with the possible con-
sequences described under Item 5 hereafter.

For readers wanting to know more about the line of thought behind Eq. 3.10 and
Fig. 3.19, the following remarks, as well as some details of the equation, may be helpful.
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21. q = d,/ J; is the relative density of water referred to that of rock; h = H/ L is the
relative thickness of the slab; § - AB and J3 are the respective angles of the slopes
on which points P, and P, repose. It will be observed that all parameters used in
the equation are dimensionless. In addition, neither the absolute size nor the width
of the slab appears in Eq. 3.10. These conditions hold good only if the coefficient of
friction is not affected by size and the relation between supply and escape of water
is sufficient to keep the space below the slab well-filled.

22. An incremental displacement of the slab is considered as a small rotation around
point P, (Fig. 3.18). So equilibrium is given if the total momentum around P, is
zero. This momentum is the sum of two partial momenta, one generated in P;, the
other in P,. Each of these momenta is the product of the respective radius R, or R,
and the total force acting in P, or P, parallel to the local slope. And finally, each of
the last-mentioned forces consists of the locally acting components of F, and F,
parallel to the slope and of the friction generated, mediating 4, by the components
of F; and F,, perpendicular to the slope.

23. To visualise the contributions of F,, and F; at P, and P,, Eq. 3.10, beyond its math-
ematical significance, bears arithmetically insignificant information: the square
brackets and their indices 1 and 2 signal points P, and P, respectively. The brackets
in the numerator represent the components of F,, and F, acting parallel to the re-
spective slope; the brackets in the denominator represent the friction-generating
forces perpendicular to the slope.

24. All terms containing q are consequences of F,; all terms containing h are conse-
quences of F,.

25. Friction only can occur if the slab is pressed against the slope, i.e. if the expression
in the respective square bracket of the denominator is positive. Now negative val-
ues are not excluded, and they have an important physical meaning: as soon as the
sign changes to negative, the slab is lifted off the slope at the point signalled by the
index 1 or 2. So the four possibilities represented in Fig. 3.19 on top right are ob-
tained (from top to bottom: remaining in place; sliding; sliding at P, alone; sliding
at P, alone).

26.1t has to be taken into account that lifting at one of the mentioned points is most
probably an unstable process: it normally opens so large a passage for escaping
water that, at least for a short time, F,, breaks down and the slab falls back upon the
slope. A repeated (“rattling”) cycle of being lifted and falling back is not excluded.
And, of course, this phenomenon may be accompanied by step-by-step creeping.

As local small-scale mechanisms, the described effects of buoyancy may perhaps
be harmless. But they also can effectively contribute to the step-by-step (creeping)
descent or even to the collapse of a talus, especially if, in presence of abundant water,
many slab-like blocks are involved.

*

Perhaps it is not entirely correct to consider events caused by human activity as
rare. Certainly they are rare if compared to some other classes, but their percentage
of tragic consequences is definitely higher than proportional. As a matter of fact, some
of the heaviest catastrophes in history would not have taken place if mankind not had
oversteepened slopes which might have remained stable for centuries or millenia with-
out human intervention. The reason of the particular heaviness of such events is easy
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to understand: to impair seriously the stability of a mass weighing many millions of
tons is a rather substantial piece of work unlikely to be done (and the results to be
sold) by people dwelling far away. So, as a rule, man-caused tragedies happen in areas
with a comparatively dense population.

Let - besides Vaiont, the heaviest European rockslide disaster of the 20th century
(Sect. 2.6) - three other famous historical examples stand for a number of less spec-
tacular cases.

In the 17th and early 18th century the municipality of Piuro (in Latin and German
publications: Plursium and Plurs, respectively) in Val Bregaglia (German: Bergell),
northern Italy, flourished owing to a successful steatite quarry and the trade connected
therewith (Fig. 3.20; Bertrand 1757, 54; Heim 1932, 180-181, 186-187; Martin 1963/65, 9;
Abele 1974, 193). From the viewpoint of present knowledge it was nothing but natural
that the location of the quarry, the northern slope of Monte Conto, facing the town,
more and more became oversteepened. Nevertheless, from the viewpoint of the in-
habitants (who had seen several rather harmless rockfalls) it also was natural not to
think of escape when, on August 25 (some authors speak of September 4), 1618, more
stones than usual fell. And even the warnings of terrified dairymen from the moun-
tain pastures were received with derision. The result, a couple of hours later, was an
almost completely destroyed town and a large number of killed persons (the reports
ranging between gco and 2500).

A rather similar situation is reported from Elm (Glarus, Switzerland), owing to
Heim’s classical descriptions (1882a, 1882b, 1932, 109-111, 199-207) perhaps the most-
cited Alpine rockslide. In this case the object of the quarry was an excellent slate-schist
in the ~ more and more undercut - northern slope of the Tschingelberg. And also the
reactions of the inhabitants were similar: on November 11, 1881 (a Sunday), in spite of
frightening signals from the region of the quarry (repeated rockfalls in the course of
several hours) many curious persons came from neighbouring villages directly into
the threatened zone “to have a look at the mountain...”. Luckily only part of the vil-
lage was engulfed by the mass so that the death toll did not exceed 119 persons.

In the case of the Frank rockslide of April 29, 1903 (Alberta, Canada) not all the
circumstances were similar to those reported for Piuro and Elm (McConnell and Brock
1904; Cruden and Krahn 1978). In particular different opinions have been expressed
with respect to the proportional contribution of human activity in starting motion.
Kent (1966, 81), for example, considered it as “... possible that a mine subsidence trig-
gered the landslide...”, while Howe (1909, 52) presented the more cautious opinion that
“... opening of large chambers in the coal mine... may have been a contributory
cause...”, and, several lines later, the very trigger was identified as the heavy frost on
the morning of the slide (citation in Sect. 3.2). Anyhow, a certain role of the mining
activity near the sole of the steep eastward-dipping slope of Turtle Mountain seems
to be a fact. And, in parallel with Piuro and Elm, mining had been an important rea-
son for the development of the town of Frank, especially in view of the Canadian Pa-
cific Railway crossing the Crownest Pass nearby. A lucky similarity with Elm: Frank
was only partly destroyed, and no more than about 70 lives were taken.

It is an open question how far, despite the world-wide growth of population and its
increasing density in zones potentially exposed to risks, improved knowledge will
sooner or later counterbalance the notorious human indifference to hidden (and some-
times even to clearly perceptible) danger. The examples of Piuro, Elm, Frank, and Vaiont
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(Sect. 2.6) cannot be regarded as favourable auguries. And developments like the un-
controlled destruction of woods in the Himalaya are not a good omen, at least as far
as relatively small events are considered. On the other hand, Val Pola (Sect. 2.5) shows
that determined, well-founded, and well-organised interventions can save many hun-
dreds of human lives.

*

Like volcanoes and earthquakes, extraterrestrial causes lie at the other end of the
scale of human (in)ability to interfere. Obviously, vibrations coming from the impact
of a meteorite are able to trigger a rockslide as well as those provoked by an earth-
quake. The problem is not to show that the mechanism is possible, but rather to find
out the - comparatively rare - cases in which a celestial body can be inserted into the
causal chain preceding a particular mass displacement. This question was answered
in connection with Kéfels (Sect. 2.4) after a critical analysis of the site as a potential
astroblem and the simultaneous setting up of a hypothesis granting better compat-
ibility with the geological and geomorphological evidence. Things would be far more
difficult if an essentially normal event were triggered either by a small nearby inci-
dence or by a more remote larger one. The trouble, above all in the last-mentioned
case, consists in the fact that a clear causal link between a meteorite (even if its occur-
rence is unquestionable) and a rockslide or rockfall is difficult to establish. In such
instances, a higher probability often speaks in favour of an easy-to-detect earthquake.

It seems that Kofels exerts a special attraction upon researchers interested in extra-
terrestrial phenomena. Not only Tollmann and Tollmann (1994) consider Kofels as one
of the locations hit by a world-wide series of comet debris: also Surenian (1988, 1989)
expresses the opinion that certain features of the rocks, in particular traces of shock
metamorphism, point to a celestial body as a trigger. These hypotheses lie too far from
the essential themes of this book to be discussed here in detail. It may, however, be of
some use to comment in short on the main criticisms raised against them. Lyons (1993)
and Leroux and Doukhan (1993) showed that the phenomenon regarded as an impact-
generated shock metamorphism had been a consequence of mere heating (as could
be expected in view of the abundant frictional heat in the event); Deutsch et al. (a group
of thirteen distinguished scientists from seven countries, 1994) analysed Tollmann and
Tollmann’s hypothesis point by point and found a large number of methodical and
logical flaws; Heuberger (1996), one of the best-informed experts as concerning Kofels,
gave (in German) a short, though complete overview of the problems and added sev-
eral remarks of his own. To quote an example: the radiocarbon ages of a number of
slides claimed to have been released by the impact of Kofels vary, roughly speaking,
between 3 000 and 9 000 years B.P.

All this is by no means intended to exclude a priori the possibility (and in some
cases the necessity) of rockslides being released by the impact of celestial bodies. It
only means that for Kéfels a definite proof of such a cause does not exist.

*

Once the discussion being focused on exotic mechanisms, another problem con-
nected with release should not be left aside. From time to time, orally as a rule, the
question is raised what happens, in the moment of release, with the elastic energy
stored in a coherent mass. Chowdhuri (1980, 168) considers the possibility of this en-
ergy acting as an additional accelerating booster at the start of a mass. In applying
the idea to Elm, he comes to the surprising result: “... that the portion of released (elas-
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tic) energy would have been sufficient to impart an initial velocity of 53.13 m/sec to the
mass” In other words: it is assumed that the mass, immediately after release, could
have been catapulted to a velocity ranging between 30 and 50 m s™' like a paper pro-
jectile by a boy’s rubber sling. This statement cannot pass uncommented.

The following criticism is not aimed at minor problems like the adoption of errors
committed by Heim (1932, 143-150) and his physical councelor Miiller and Bernet in
forgetting to use the centre of gravity for calculation of velocity (Sect. 2.8, Item 14;
Sect. 6.3). Instead this criticism is aimed directly at the energetic basis of the presumed
mechanism, and it can be condensed into one single equation. Energetic equivalence
between the elastic energy stored in a mass (E: modulus of elasticity; s: average stress)
and the kinetic energy of the same mass in motion (v: velocity; o density) is given if

N P (3.11)

is true. In case of correct application it does not matter what kind of stress (exten-
sion, compression, shear, etc.) is considered. As E and d are given by the material, the
connection between v and s is utterly simple. The energy is limited by s which has to
be below the stress the material can withstand. Now assume, as a first working hy-
pothesis, that a high-strength material is stressed in the direction of its highest re-
sistance and that its parameters are E = 15 GPa; s, = 300 MPa, d = 2500 kg m™. Then
soms”! is the absolute maximum of velocity. The problem is, however, how a mass,
located in labile equilibrium on an inclined surface and almost having lost its coher-
ence with this surface, should acquire an evenly distributed longitudinal compressive
stress of 300 MPa, corresponding to that at the sole of a column, 12232 m high and
made of the proposed material!

After this simple argument further considerations about the physical nature of such
excessive stress, about its distribution in the mass, about the efficiency of conversion
from elastic to kinetic energy, etc. are obsolete: purely and simply, the elastic energy
available in reality, even if it would act in the right direction and could be converted
into kinetic form without any loss, still would remain too small by at least two powers
of ten.

Perhaps a day will come when it will be recommendable to rack one’s brains over
extraterrestrial triggering of rockslides. But elastic energy as a booster for launching
a cubic kilometre of rock may - at least on the Earth - be forgotten without suffering
from a guilty conscience...



Chapter 4

Mechanisms of Disintegration

It is convenient that we consider, before doing anything else, what
kind of mechanism takes place in the fracture of a piece of wood
or other solid...

Galileo Galilei (original in Italian)

4.1
Static Disintegration

Before being released, a mass may have assumed any possible state of coherence rang-
ing from one single giant block to a heap of comparatively small particles. By contrast,
in coming to a rest after displacement, the same mass is, as a rule, substantially more
disintegrated. So disintegration obviously takes place in the course of the downhill ride.
As, on the one hand, the discussion of pre-event disintegration does not fit into the frame
of the present book, while, on the other hand, the degree of coherence (or of disinte-
gration, if looking at things from the other end) can substantially influence the mecha-
nisms of displacement, disintegration might with good reason be attributed to Chap. 5
where these mechanisms are treated. However, there is no doubt that the conversion of
a more or less coherent large block into debris marks an important caesura in the de-
scent of a rocky mass so that it cannot be insignificant where the process of disintegra-
tion is initiated, how it develops in the course of motion, and what are its consequences.
Thus it is equally justified to reserve a short chapter of its own right to the questions
of disintegration. In deciding to act according to this line of thought, two further facts
were borne in mind: even so Chap. 5 remains one of the most extended, and - a more
substantial argument - in the sections to follow it will be demonstrated that the fun-
damental differences in reach between coherent and disintegrated motion are not as
dramatic as could be assumed at first sight. Continuity between the questions of dis-
integration and displacement will be established in the first section of Chap. 5 which
will deal with the influence of disintegration upon displacement.
>*

Even in a perfunctory review of longitudinal sections at least two important modes
of disintegration easily can be made evident: collision-free fracturing of large bodies
(for instance by bending) at not too sharp bends of slope, and crashing by collisions
(for instance after a bounce or a fall, or in banging against a wall). In all, however, there
are four basic modes of disintegration: the third and the fourth, in spite of being al-
most ubiquitous, at least near the bottom of a moving mass, are less important with
respect to the disintegrated volume. Still they are able to influence motion to a non-
negligible degree by producing large amounts of small-sized particles. One of these
modes consists in coherent or already disintegrated rock being crushed under the load
of alarge overburden (for details s. hereafter), the other in the “ploughing” and “grind-
ing” process between uneven surfaces under friction.

In spite of not having been selected for the particular purpose, five of the key events
of Chap. 2 (Blackhawk being exempt owing to lacking information about the details
of its initial phases) display excellent possibilities for finding the locations of disinte-
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gration. In the case of Huascardn, for instance, the bang after the initial fall over an
extremely steep wall many hundreds of metres high (Fig. 2.48) almost entirely ex-
cluded, right from the start, the continuance of a coherent state. At the other end of
the scale is Vaiont where the coherence of a large part of the mass (mainly the “seat”
of the initially chair-shaped longitudinal section F-F' in Fig. 2.36; s. also Fig. 2.40) was
demonstrated by bridging the gorge of river Vaiont immediately before being arrested.
Pandemonium Creek (Fig. 2.4), besides a less dramatic fall than that of Huascardn,
suggests a possible bounce at km 2.1 and does not exclude a collision with the opposite
slope at km 3.1. Val Pola is similar thereto in having almost angular bends at km 0.68
and 0.91 (Fig. 2.30), and the opposite slope at km 1.97, not to speak of the “bulwark” of
Plaz (km 2.4; Fig. 2.31). The mass of Kofels probably came down with a minimum of
disintegration until it was cut into an upper and a lower part, the last-mentioned be-
ing brutally arrested by the wall of the opposite slope; so the deposits on top contain
immense blocks, while the bottom on the floor of Oetztal consists of effectively disin-
tegrated material (Fig. 2.18, 2.20, 2.21a).
*

At first sight it may seem that collisions must play the role of a strictly dominant
mechanism. Despite their obvious importance, this opinion needs a certain relativation.
In fact, a mass, if released as a giant block of more or less coherent material and ac-
complishing its travel without encountering a sufficiently massive obstacle, never
would be split to pieces if there were no other opportunities of fracture. The topo-
graphic background of the mechanism thus postulated is trivial: as the track of a
moving mass cannot be perfectly congruent with its bottom surface during the whole
travel, stresses in the bulk of an initially coherent mass necessarily will be generated
by its own weight (Fig. 4.1). If any, also dynamic (i.e. mainly centrifugal) forces have
to be taken into account. And such stresses, especially in the presence of cracks or other
weak zones, can exceed the strength of the material. Hence there is, in rockslides more
than in rockfalls, a considerable probability that collision-free, static fracture occurs
before collisions substantially have contributed to disintegrate a mass.

Accordingly, in a publication on the subject (1988), Erismann speaks of “first frac-
ture”. This study was not aimed at a general description of disintegration processes.
It was, in fact, undertaken in the intention to explain the hitherto enigmatic variety of

Fig. 4.1. Disintegration of coherent mass by static (collision-free) fracture in bends of increasing (a)
and decreasing (b) slope. Possible locations of fracture are indicated by cracks. ¢ simplified model of
b for quantitative analysis. P}, P,: limits of span bridged by mass; F: force acting in P,. Deformations
are drastically exaggerated (sketch by Erismann)
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particle sizes in the deposits of large rockslides: giant blocks may be observed in the
immediate vicinity of small-sized debris, and the appearance of the material in the
respective sites may vary between perfectly solid and sandy. Yet the results turned out
to be of a certain interest in a more general sense so that it is considered worthwhile
to summarise in short the fundamentals without going into mathematical details.
But before doing so, the term “static fracture” requires a comment for readers not
familiar with materials testing. It means, roughly speaking, fracture under single-load
conditions (no repetitions as in fatigue) in the velocity band above elastoplastic creep,
but below high-speed phenomena (e.g. shock waves) affecting strength (e.g. reducing
toughness). If, for instance, the maximal strength of a body just suffices to bridge the
distance between two points P, and P, (Fig. 4.1¢c), the respective critical stress is built
up during the motion of the body’s front from the first to the second point. The required
time, according to the circumstances, may be something between substantial fractions of
a second and several seconds. By contrast, in a collision stresses are built up in milli-
seconds or even faster. Eventually it should be remarked, in parentheses, that a frac-
ture, according to the above definition, is determined as static exclusively by the velocity
of the process, irrespective of the nature of the stress-generating force; in particular,
fractures of this kind remain static even if provoked by dynamic (e.g. centrifugal) forces.
The following simplified models were used in the study.

1. The most probable cases of static fracture are generated by bends of slope. As the
normal sequence in the case history of a rockslide is release on a steep slope, fol-
lowed by reduced slope angles, static fracture is more frequent in upward (decreasing
slope, Fig. 4.1b) than in downward direction (increasing slope, Fig. 4.1a). Therefore in
the study only the first-mentioned case was considered in detail. By the way, upward
bending angles should not be excessively large: otherwise friction might act as a more
or less self-arresting mechanism (as shown in Fig. 2.20) and thus induce crashing.

2. The local ground surface was modelled as consisting of two plane sections with
slightly different moderate slopes, and the mass was assumed to be of constant
rectangular section and consisting of a homogeneous, though anisotropic, brittle
material, affected by weak zones (idealised by sharp-edged cracks), in each case
parallel to one of the body’s surfaces (Fig. 4.1a,b).

3. Although it was obvious that centrifugal accelerations in certain cases cannot be
neglected, gravitational acceleration alone was considered as a loading agent
(Sect. 5.7). It should be recalled in this context that static fracture is possible even
at almost zero velocity.

4. While the neglect of centrifugal accelerations resulted in reducing the calculated
forces in case of rapid motion, an opposite effect also was neglected: slope angles
were assumed to be small enough to replace their cosine by unity.

5. By no means was bending (Fig. 4.2a) considered as the only possible mode of static
fracture: also shearing, both in transversal (Fig. 4.2b) and longitudinal (Fig. 4.2c)
direction, was not excluded. For the last-mentioned mode the term “delamination”
was used.

As, in spite of using quantitative methods, qualitative results were envisaged in first
instance, the inaccuracies due to the mentioned simplifications and neglects were
amply justified by easy-to-apply algorithms and improved transparency.
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Fig. 4.2. Static fracture according to Fig. 4.1c, basic modes. a Bending; b transversal shearing;
¢ longitudinal shearing (delamination). Each mode may be fracture mechanical or (in extremely crack-
free material) conventional. As shown in Sect. 4.2, blocks (a) have a better chance to subsist in fur-
ther motion than slabs (b, ¢). Slabs generated by delamination (c) may be unstable in bending. Defor-
mations are drastically exaggerated (sketch by Erismann)

The strength of the loaded body was calculated both by conventional and fracture
mechanical (Sect. 3.2) methods under the assumption of various configurations of pre-
existing cracks, and fracture was assigned to the mode that was first to reach the critical
stress or stress concentration of the material. So the best-suited of six modes, three
macroscopic (by bending, transversal shearing, and delamination, Fig. 4.2) and two
microscopic (conventional or fracture mechanical) was determined. Then the chances
of first-fracture debris to subsist in the further course of motion were assessed. Fi-
nally a series of mental experiments was carried out by calculating several particular
case histories with parameters chosen so as to yield a maximum of information.

The main results thus obtained, as far as relevant in the present context, can be sum-
marised as follows.

11. According to the circumstances of the particular case, any of the six possible modes
may, at least theoretically, occur in first fracture.

12. Even small pre-existing cracks (or other flaws) easily become the determining fac-
tor of the mode of first fracture. In other words: first fracture is, as a rule, dominated
by fracture mechanics if the considered bodies are not almost perfectly crack-free.

13. Bending fracture produces large-size blocks, transversal shearing relatively thin
vertical slabs, and delamination horizontal slabs or sheets (Fig. 4.2).

14.Sometimes - in particular if fracture by bending and by delamination have ap-
proximately equal chances to occur first - very different final results may depend
on small variations of parameters, a statement perfectly accounting for the imme-
diate neighbourhood of large blocks and remarkably small particles.

15. In view of the difficulty to determine the relevant parameters accurately (in par-
ticular size and shape of pre-existing flaws) a reliable prediction of granulometric
data of debris must be considered as hopeless, at least with the technical means
available at the present time.

Readers wanting to know more about the physical background of Item 13 - perhaps
the most important of all - might be interested in the following details. The shearing
stress is directly proportional to the bridged length (distance between P, and P, in Fig. 4.1c),
the bending stress is proportional to its square, as obvious from Eq. 4 and 5 of
Erismann’s study (1988, 260). A trivial consequence of this relation is the following de-
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Fig. 4.3. Bending stress s, and
shearing stress s, in given mass
according to Fig. 4.1c, plotted
against displacement x. Bend-
ing stress is proportional to
force F in P, and to deforma-
tion Ae; shearing stress is pro-
portional to Ae alone. As x, F,
and Ae are proportional to
each other, the graph of
bending stress is parabolic,
that of shearing stress is linear.
So the domain of shearing
failure is weak, that of bending
strong materials (sketch by
Erismann)
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velopment of stresses (Fig. 4.3): immediately after the distal edge has passed the bend,
the stress grows faster in shearing than in bending; after a certain displacement, however,
bending stress, owing to its parabolic character, necessarily overtakes shearing stress.
This means in the clear that weak materials will be fractured by shearing, more resist-
ant ones by bending. And this statement, in its turn, makes Item 13 plausible: fragments
obtained by bending necessarily are more bulky than the slabs obtained by shearing.

As, besides their shape (according to Item 13) the further fate of the fragments re-
sulting from static first fracture depends to a large extent on the collisions they un-
dergo in the course of displacement, most of this problem will be treated in the fol-
lowing Sect. 4.2. Still there is one particular point which entirely belongs to the field
of static fracture.

This case refers to delamination. As a matter of fact, it can be shown that this mode
of fracture yields laminae which, in their turn, are unstable in shearing (Erismann
1988, 267-268). According to the parameters of the material and the geometry, being
“overtaken” by bending (as described here-above and illustrated in Fig. 4.3) occurs
sooner or later so that a more or less delaminated mass is the raw material for further
- static or dynamic - disintegration.

»*

This section should not be closed without a comment concerning crushing, a mecha-
nism able to work without substantial relative velocity of the involved particles and
thus deserving to be considered as essentially static.

Trespassing the compressive strength of a material necessarily leads to a radical
deformation. A ductile material may undergo such maltreatment without losing its
cohesion (a cylinder of mild steel thus will assume a barrel-like shape); a brittle ma-
terial will be crushed, i.e. it will be massively disintegrated. Here it is not intended to
go into the details of the respective mechanisms. It will suffice to recall that much of
the answer of a material to compressive loading depends on the possibility to grow
freely at right angles to the direction of the acting force. Two examples: steel rings
around a cylindrical concrete column can improve its compressive strength approxi-
mately as well as longitudinal reinforcements; and the possibility of making rock
ductile by subjecting a cylindrical column to an extremely high lateral hydraulic pres-
sure was elegantly demonstrated by Ro$ and Eichinger as early as 1949.
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Now the compressive strength of the materials involved in rockslides is amply suf-
ficient to withstand the possible averaged static stresses observed in the largest known
events. In other words, crushing only can occur in case of massive local stress concen-
trations. So the question arises where the circumstances are best-suited to provoke
crushing. The spontaneous answer: “right at the bottom, at the location of the highest
average stress”, after due consideration, will be revealed as correct, but only for the
begin of motion. As a matter of fact, asperities above and below the sliding surface,
certainly the main candidates for being crushed, are quickly sheared off so that such
surfaces display an almost perfectly planished aspect (Fig. 2.25,2.26b, 4.6) and the local
stress concentrations are effectively reduced. Still there is a possibility of crushing,
characteristic just for sliding surfaces: the sheared off asperities, unable to escape from
their - anthropomorphously speaking — uncomfortable situation and thus forced to
contribute their share in supporting the overthrust load, will again and again locally
be overloaded.

Quantification of the mechanism is easy if simplified in a seemingly exaggerated
way, turning out as reasonable after due interpretation. Imagine the gap between two
perfectly plane, parallel surfaces filled with perfect spheres of equal diameters D, the
packing density of these spheres being maximal. In such instances each sphere has to
support the hexagonal prismatic overburden that can be circumscribed to the sphere.
The Hertzian compressive stress in the points of contact then will be

E?
s=0.61593 FE (4.1)

where F is the force acting upon a single sphere and E the modulus of elasticity of the
material. As the sectional area of the mentioned prism obviously is A = 0.8660 D* and
the load per sphere is F = AdgH, the product of A with density d, gravitational
acceleration g, and thickness H, the critical crush-free thickness H_ can be obtained
from Eq. 4.1 in the form
3
H, = S (4.2)
0.20239gE?

where s is the maximal admissible stress of the material. In view of the just-mentioned
comments concerning the load F, it is nothing but natural that, in the presented model,
both equations can be written without using the diameter D.

A remarkable fact should, perhaps, be stressed in this context. The absence of D in
Eq. 4.2 postulates that the critical thickness supported by the spheres is independent
from their diameters. The practical value of this mental experiment is more impor-
tant than could be expected from its definitely impossible geometry: in fact, it is easy
to show that independence from the involved radii is valid not only for spheres, but for
all geometrically similar configurations. In other words: if a layer consisting of arbi-
trarily shaped fragments and transmitting a force by compression of contact radii is
converted into a layer of similarly shaped smaller fragments loaded in a similar man-
ner, both layers will begin crushing under equal overburdens. Crushing under such
conditions would encounter no fractally given barriers and, if similarity could be sus-
tained, it would continue ad infinitum in a true continuum.
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Real crushing is somewhat different, and it is different even for the impossible, but
easy-to-understand case of perfect spheres. Assume that, in a primitive approxima-
tion to reality, the original set of spheres is converted into an - again perfect and ide-
ally dense - set of somewhat smaller spheres plus a large number of far smaller spheres
filling the voids between the larger spheres in an ideal manner. It is clear that in such
an experiment the larger spheres are able to support an overburden equal to the ini-
tial one; in addition, there will be a large number of further force-transmitting paths
through the smaller spheres so that the total crush-free bearing capacity would be
increased. And, of course, this fractal game can be repeated ad libitum, each time yield-
ing a gain in supporting capacity.

This is, certainly in a far more complicated manner, what happens in the real pro-
cess of crushing: as any crushing process increases the number and, above all, the va-
riety in size of the fragments, it not only multiplies on reduced scale the supporting
mechanism active beforehand (without improving supporting capacity); it also cre-
ates completely new paths of force transmission by synergetic action of larger and
smaller fragments and thus increases the supporting capacity. Once having reached
sufficiently small-sized fragments, crushing finds an end.

As the above-discussed considerations show, the model of Eq. 4.1 and 4.2, in spite
of its manifest rigidity and other imperfections, is revealed as a useful tool for under-
standing the mechanisms behind the phenomenon of crushing. Thus it exactly meets
one of the requirements claimed in Sect. 1.1: the power of a quantitative approach to
improve qualitative knowledge. Nevertheless a quantitative result of tentative calcu-
lations should not be left aside: for solid rocks a critical thickness H, of approximately
20 m is obtained from Eq. 4.2. There is no doubt that in reality first crushing at par-
ticularly exposed points occurs at lower values.

A trivial concomitant of crushing is its contribution to gradation. The intensity of
crushing is increased with the compressive stress and hence also with the depth. And
as crushing essentially results in a conversion of coarse into fine-grained material, it
is clear that crushing acts in the sense of a gradation coarse on top (“very fine on
bottom” would describe the process even better).

It should not be concealed that the process of crushing is further complicated by
the fact that a part of the fragments, if favourably shaped, may show a tendency to
assume a rolling motion.It is considered useful to discuss this phenomenon in Sect. 5.3,
specialised for the purpose.

*

To close this section, the remark should be recalled that crushing at the very bot-
tom of the moving mass is considered as a phenomenon occurring in the early phases
of motion. There are other locations within a mass where more time is available during
its descent. As will be demonstrated later (Sect. 5.1, 5.4), the comparison of the parti-
cles in a disintegrated moving mass with molecules in a flowing liquid is physically ques-
tionable, and the relative displacements within such a mass far less dramatic than might
be assumed at first sight. As a consequence, there are groups of particles remaining to-
gether in more or less similar, though not congruent patterns. In groups of this kind shear-
ing is small in comparison with the zone immediately above the immobile ground. Still, if
the considered location is not too far from the sliding surface, the compressive stress may
be near to the maximum. In addition the relative displacements may lead to new points of
contact so that crushing may be started anew with particles already crushed beforehand.
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4.2
Dynamic Disintegration

In the preceding Sect. 4.1 the term “static disintegration” was used to characterise pheno-
mena essentially driven directly by gravitation. Hereafter, by contrast, the complement-
ary expression “dynamic disintegration”, again defined in a rather extensive manner,
will be applied to mechanisms in which motion is the immediate source of the energy
that splits larger particles into smaller ones. This definition implies the fact that such
mechanisms cannot work before a certain minimum of velocity is attained and thus, at
least in the normal course of events, occur somewhat later than the first static fractures.

It is needless to say that in this context collisions - highly dynamic processes in the
true sense of the word - represent the most important mechanism, able to occur, af-
ter due acceleration, in any phase of motion. The following examples are selected to
illustrate the width of the span embraced: on the one hand, both falling over an al-
most vertical slope (Huascardn, Sect. 2.7) and toppling (Sect. 3.3) are normally followed
by a vigorous collision with the ground so that disintegration takes place immediately
after the start of an event; on the other hand a mass, exempted from severe disinte-
gration during the main part of its travel, may suddenly collide with a massive obsta-
cle. The impact often puts an end to the motion of a rockfall; for the larger mass of a
rockslide, however, various modes of secondary displacement, as a rule combined with
a run-up, may occur instead of a full stop: for instance a right-angle turn (Pandemo-
nium Creek, Sect. 2.2); or the instantaneous conversion of a substantial fraction of a
cubic kilometre of rock into centimetre- or millimetre-sized debris, followed by the
separation into a lower (heavily disintegrated) and an upper (far less disintegrated)
portion (Kofels, Sect. 2.4); or the bifurcation into a right and a left lobe (Val Pola,
Sect. 2.5). Between (and in some cases after) such spectacular scenarios there are plenty
of situations favouring collisions, especially in the sometimes long tracks of rockslides:
no reasonably sharp horizontal or vertical change of direction can be imagined with-
out a large number of collisions which may be external (between the mass and im-
mobile obstacles) as well as internal (between the elements of the mass).

To conceive an idea of the progress of disintegration by collisions, two fundamen-
tal problems have to be considered. The first deals with the question how far first frac-
ture exerts an influence upon the chance of the fragments to survive in the further
course of motion, the second aims at possibilities to get at quantitative information
concerning the disintegrating capacity of collisions. In both cases it will be observed
once again that quite general quantitative statements can effectively contribute to
deduce well-specified qualitative conclusions.

The details of the first question were treated by Erismann (1988, 263) in the study
already mentioned under Heading 4.1. In short, the results can be summarised as fol-
lows. Between the mode of first fracture and subsistence of the fragments in the subse-
quent percussions of a descent there is a close causal connection. The chance to sur-
vive is definitely better for block-shaped debris than for relatively thin slabs. The rea-
son is almost trivial: typically, a slab means low resistance against bending (and also
buckling in certain cases): the lever arms at which forces may act are long in com-
parison with thickness. And in the downbhill ride of a slightly disintegrated mass rather
large (and therefore bulky) slabs necessarily undergo frequent occasions of being bent,
be it dynamically or statically.



4.2 - Dynamic Disintegration 153

So it becomes plausible that, after first fracture, mainly slab-shaped fragments -
as generated by delamination or transversal shearing - are candidates for further dis-
integration. This result, stressed by the occasionally inherent instability of fragments
resulting from delamination (Sect. 4.1) and by residual stresses within the material, is
in agreement with field evidence: large slabs are by far less frequent in the deposits of
rockslides than blocks of comparable dimensions.

It might be objected that slab-shaped fragments are generated mainly by fractures
along weak planes in the material and that, as a consequence, subsequent fractures at
right angles to these planes encounter the highest resistance inherent in a given ma-
terial. This argument is correct in principle. It does, however, not sufficiently account
for the physical laws according to which bending fracture occurs at a force propor-
tional to the square of thickness and inversely proportional to the length of the act-
ing lever arm. The combination of both geometric parameters easily can create a situ-
ation of dramatically increased stress exceeding the strength even of a resistant (or, in
terms of fracture mechanics, an essentially sound, i.e. crack-free) material. Only little
more than the reduction of thickness by a factor three results in a reduction of the
critical force by a power of ten!

The statement thus established is a most interesting one: although prediction of
granulometric details seems to be hopeless even with the use of super-computers, the
main direction of weak planes often can be determined “ante eventum”. So the gen-
eral character of debris in the early phases of a rockslide is not necessarily beyond
the reach of an expert. And this knowledge can be helpful in forecasting the general
character of an event and, to a certain extent, also the range threatened by a catastro-
phe. This last remark is true in spite of the fact that the influence of disintegration
upon reach will be revealed as smaller than might be expected at first sight (Sect. 5.1).

Up to this point, in the present section much has been said about bending fracture
of slab-shaped fragments and very little about the conventional and/or fracture me-
chanical character of fractures due to the impact of a collision. So, before passing to
the second fundamental question, some remarks should be made in this context. It
was taken for granted that readers would bear in mind both aspects, conventional and
fracture mechanical. In connection with bending fracture it cannot be excluded that
(in case of a crack-free material as parenthetically insinuated in the second-to-last
paragraph here-above) conventional strength sometimes is the determining factor. For
other than slab-shaped fragments such uncertainty hardly exists. Within the elements
of a mass, collisions generate shock waves which, in their turn, build up transient lo-
cal stress concentrations, boosted by interference with reflected waves, by residual
stresses, and/or by the vicinity of pre-existing cracks. This fact, together with the natu-
ral brittleness of the materials in question, is an argument in favour of a dominant
fracture mechanical aspect. In other words, it has to be taken into account that criti-
cal K values as used in Eq. 3.1 and 3.2 are substantially reduced under impact condi-
tions. Hence the importance of pre-existing weak zones, in particular sharp-edged
cracks or highly developed parallel fabric of the material (e.g. in schist), hardly can
be overestimated, and dominance of fracture mechanical disintegration is practically
granted with few exceptions.

*

Probably the best (if not the unique) physically plausible approach to the question

of the disintegrating capacity of collisions consists in determining the locations of
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highest energy dissipation. Despite the indisputable scatter of individual impacts there
is a good chance of effective averaging;: if, for instance, a number of blocks, different
in size, shape, and internal cohesion, succeed each other in colliding with one and the
same massive obstacle, the energy dissipated per square metre of new fracture-gen-
erated surface (or whatever an adequate definition of disintegrating capacity may be)
certainly will cover a wide band; but it is equally certain that the average obtained
from, say, one hundred such collisions will differ far less from that of another hun-
dred. And, as the energy required to obtain fracture necessarily is part of the energy
dissipated in an impact, there is definitely a substantial positive correlation between
both.

By the trick of using energy dissipation as an indicator of disintegrating capacity
it is made possible to draw certain conclusions on a quantitative basis (well under-
stood, not a very precise one, but adequate for the purpose). Consider two mass
points m; and m,, approaching each other from opposite sides at different pre-colli-
sion velocities Au; and Au, (Fig. 4.4), linke.d with the respective masses by the equa-
tions

A =Au—"2—  and Auy=Au—T2 (4.3)
m + ny my +my

where Au = Au; + Au,. Owing to the trivial symmetry of the momenta m; Au;, = m,Au,
the centre of gravity of the system (m; + m,) is immobile during displacement. Now
let the masses collide. According to the laws of impact, said centre of gravity also then
remains in place, irrespective the value of the coefficient of elastic restitution o < J<1.
As a consequence, the respective post-collision velocities

Av = JAu—"2—  and Av, = JAu—"2 _ (4-4)
m +m, m +m,

are obtained, i.e. the collision takes place as if each mass were banging against an
immobile wall (represented in Fig. 4.4 by the axis A-A).

Fig. 4.4. Collision of two Auq = 2Au; Au;

A
masses m; and m, with equal E—— | pr——
momenta. From top to bottom: !
situations at time ~Af before |
collision (velocities Au; and !
Au,); in the moment of colli- l

sion; at time +At after collision m
(velocities Av, and Av,).

Coefficient of restitution: 0.75.

Lengths of arrows are propor-

tional to respective velocities.

During the entire process the

centre of gravity of the system I

remains in axis A-A. Arbitrary I

systems are obtained by i

displacing the entire system at |

a constant additional velocity l —
A

. -—
(sketch by Erismann) Avy = 1.5Au; Av, = 0.75Au;

my = 2m
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The idealised model, by the way, does not exclude fracture of one (or both) of the
colliding particles. Such an issue, vital in the present context, means nothing but a
certain reduction of J and due consideration of the fact that Eq. 4.4 in case of fracture
yield a velocity valid for the common centre of gravity of the fragments on the re-
spective side. Said reduction of J is not a dramatic one as long as the fragments re-
bound within a narrow cone: the pure energy of separation (Erismann et al. 1977, 89)
normally is substantially lower than the involved elastic and plastic energy. In case of
an explosion-like fracture, however, it is worthwhile to investigate the energetic back-
ground more in detail as residual energy stored in a ready-to-explode particle might
play a non-negligible part.

Also in another important point the presented model gives, at first sight, a false
impression of being very special and therefore of little use for dealing with more gen-
eral collision problems. In reality, however, it becomes a powerful tool as soon as the
system (m, + m,) is recognised as an inertial system, i.e. a system that does not suffer
any internal modifications if any velocity u, constant in value and direction, is added.
The mathematical astuteness hidden behind using symmetry of momenta consists in
the fact that the energy dissipated in the collision,

_

AW ZL__]__AZuMZ__ (4.5)
2 my +my

is independent of the globally added velocity u. So, if, besides m; and m,, the real pre-

collision velocities u; and u, are given, the entire deduction presented here-above may

be forgotten, and nothing but the simple equations

_ um + Uuym, (46)
my + my
Au=uy-u, (4.7)
and
v=u+ JAu—"2_  and va=u- JAu—"1 (4.8)
my + ny my + my

have to be applied with Eq. 4.5 to obtain the complete set of real post-collision param-
eters, above all AW as a yardstick for effective collisions.
*

If there were only the optics of this chapter, the ado with mathematical formulae
might be considered as exaggerated. But in the further course of reading (Sect. 5.1,5.7)
it will emerge that especially v; and v, - marginal in the present context - are exces-
sively useful for the understanding of various motional mechanisms. Still also the
conclusions concerning dynamic disintegration are of a certain importance. In first
instance locations with a high probability of fractures by impact can be spotted. As the
dissipated energy is used as indicator, a simple analysis of Eq. 4.5 suffices: maxima of
disintegration can be expected where AW per unit of involved mass reaches maximal
values.
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The configuration of the masses as presented in Eq. 4.5 makes clear that the smaller
mass (e.g. m,) has a certain importance: the mass-relevant term cannot trespass the
range 0.5m; < mym,/ (m,+ m,) <my, corresponding to the range of the larger mass
given by m, < m,<eo. So, if referred to m,, the mass-dependent span of energy dissi-
pation does not exceed a ratio of 1:2. The influence of the masses (expressed in
Joules per kg of m,) is moderate. Yet it can be observed that the risk of being smashed
is higher if the counterpart m, is very large than if both masses are approximately
equal.

The influence of velocities, represented in Eq. 4.5 only by their difference Au is defi-
nitely more important. On the one hand, Au can vary between zero and very high val-
ues, on the other hand it is squared. As a consequence, massive disintegration has to
be expected primarily in locations where substantial differences of velocity between
colliding rocks are possible. Little will be found within the core of a more or less dis-
integrated mass where all particles forcibly move at approximately equal velocities.
Remarkably well preserved pieces of timber found in the very midst of rock debris -
and often used for radiocarbon dating (Sect. 3.2) — are a matter of physical plausibil-
ity, not one of extraordinarily good luck. The other extreme is the frontal collision
with an immobile obstacle, especially if this obstacle is sufficiently heavy and well-
founded to remain in place after the impact. A gigantic example of such an ideal dis-
integration by collision can be observed in the Maurach gorge of Kéfels (Sect. 2.4)
where probably a substantial portion of a cubic kilometre of moderately disintegrated
rock was converted into gravel-sized and smaller particles.

*

To visualise the effect of collisions upon motion (and therewith also disintegration)
a very simple (and very useful, though extremely improbable) model of consecutive
collisions was calculated using the above-presented equations (Fig. 4.5). Imagine a
group of equal blocks moving at equal velocity strictly in line like motor-cyclists in a
parade. The most distal one hits an obstacle and loses some of its velocity, but not its
direction. In little more than half a second (assuming the conditions shown in the fig-
ure) a series of collisions passes from the leading to the trailing end of the group. In
each collision energy is dissipated. Nevertheless the total momentum Xv;m; (where i
is the ordinal number of each block), and obviously also the average velocity v, of
the group remains constant.

At first sight the fact might appear contradictory: how can energy be dissipated
without influencing the average velocity? The best way to obtain a comprehensible
answer consists in considering the simplest possible system, namely two moving par-
ticles of equal masses. Obviously the total kinetic energy of this system is proportional
to the sum of the two squared velocities. Now compare two possible configurations.
In the first both particles move at equal velocities of, say, 4 units of velocity. Then the
averaged velocity is, of course, also 4, and the kinetic energy is proportional to
16 + 16 = 32 (in squared velocity units). In the second configuration, the particles move
at velocities of 2 and 6 units respectively. Again an average of 4 units results, but the
kinetic energy turns out to be proportional to 4 + 36 = 40. So the kinetic energy is
revealed as consisting of two components, one proportional to twice the square of the
averaged velocity (32 units), the other to the sum of the squared divergencies with
respect to the averaged velocity (4 + 4 = 8). These components may be denominated
as external and internal kinetic energy.
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Fig. 4.5. Effect of collisions on motion. From top to bottom: seven successive positions in which seven
particles (black circles) collide. Assumptions used to optimise transparency: equal masses of all partl—
cles; exactly in-line motion; equal initial distances between particles; equal 1n1t1al velocities (40 ms™),

except for most distal particle having been braked by an obstacle (20 ms™); collisions assumed as
unique cause of changes in velocity (tolerable for half a second of duration); coefficient of restitution
(0.7) equal in all collisions. The mean square roots of divergencies Av with respect to the averaged
velocity (n: number of particles) show the trend, in each collision, to equalise velocities, thus reduc-
ing the energy dissipated in subsequent collisions and, therewith, the amount of disintegration by
collisions (sketch by Erismann)

The column “Mean square root” at the right side of Fig. 4.5 is nothing but a quan-
titative expression of the internal kinetic energy. It represents the mathematically cor-
rect weighed average of the differences Av;=v;- v, (where v, is the average veloc-
ity). And this value decreases drastically from 7.00 to 1.98 m 57}, i.e. by a factor 3.54,
and thus demonstrates the main effect of collisions within a more or less disintegrated
mass: by equalising individual velocities, each collision between the particles of a dis-
integrated mass reduces the kinetic energy of the mass without loss of average veloc-
ity (i.e. of momentum).

It will be observed that the geomorphologically significant results of the above-pre-
sented mathematical considerations already have been anticipated in a postulate clos-
ing the second paragraph of the present section: “... no reasonably sharp horizontal or
vertical change of direction can be imagined without a large number of collisions. .. which
may be external... as well as internal...”. And the locations of disintegration enumer-
ated in the introduction to Sect. 4.1 (third paragraph) are also in agreement with the
theoretical claim for vigorous decelerations due to immobile counterparts (abutments,
landing areas, “crash barriers”, etc.). This fact demonstrates that the locations of dis-
integration are, as a whole, well estimated just by using common sense. Only one im-
portant correction is contributed by mathematical analysis: the fact that little inter-
nal disintegration goes on as long as no external effects occur. And the rapid decrease
of the mean square root in Fig. 4.5 shows that even external effects, if involving only
one (or few) of the particles, fade out after a remarkably low number of collisions.

*

The highest degree of disintegration, as far as grain size is considered, is accom-

plished by friction, in first instance externally (between the mass and the ground), but
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to a non-negligible extent also internally (between the particles of the mass). The last-
mentioned mechanism is mainly concentrated near the ground where massively de-
celerated particles are forced to interact with the rest of the moving mass. Their ad-
justment to the velocity of the surrounding debris occurs not only by collisions (as
might be suggested by Fig. 4.5) but, mainly under the everlasting action of gravity, by
frictional contacts as well. The large quantities of fine material produced by friction
in the course of almost the entire descent (and ranging from sand to silt) play an
eminent role in certain tribological hypotheses (Sect. 5.6). This material is, in addi-
tion, the reason for the impressive dust clouds inevitably accompanying rockfalls and
rockslides - an odious obstacle for those rare observers of such events who were lucky
enough not to be forced to run for their lives.

Anticipating the more complete discussions in various sections of Chap. 5 (5.1, 5.4,
5.7) one particular aspect of the mechanisms of friction between rocks will be looked
at hereafter: it would be difficult to describe facts clearly without having done so. Dis-
integration by friction is essentially a succession of countless failures by local over-
stressing of asperities and free particles (Heilmann and Rigney 1981, 197-206; Rigney
et al. 1984). Stresses, necessarily resulting from forced distortions, may be built up in
various manners, in first instance by frontal or oblique collisions under conditions
excluding the possibility of giving way. Free particles near the ground may be forced
into a short rotating motion (Sect. 5.3; Eisbacher 1979, 328-329, 331), in many cases
ending in a crushing process. Whatever the preceding mechanisms may have looked
like, after failure the elastic energy accumulated in zones of high stress no longer can
act in a well-defined direction and therefore is condemned to conversion into heat.

This conversion occurs by further frictional contacts and/or collisions on a reduced
scale. So the compound mechanism of friction and disintegration, in descending from
scale to scale, displays, on the one hand, a remarkably fractal character and, on the
other hand, it reveals close connections with collisions and crushing. And it is noth-
ing but natural that a finer and finer granulation more and more concentrates high
gradients of velocity - and therewith high energy dissipation - in narrow spaces as
shown in the “sand bed” of Fig. 2.26b. Bare surfaces having been treated in such a
manner Jook as if they had been polished in an immense grinding machine (Fig. 4.6).
In large crystalline masses like those of Langtang and Kofels the final stage can be
that of rock fusion (Fig. 2.25, 2.26a).

*

Disintegration, besides its part in determining the character of motion, has vari-
ous consequences. Particularly remarkable is the influence upon the grading of de-
posits. It is an erroneous opinion to believe that the sieve effect alone is responsible
for the fact that grading “coarse on top” is the rule in rockslide debris. Of course, small
particles are able to fall through narrow passages where larger ones are arrested; and
large particles, in accomplishing angular motions, can bury and compress smaller ones
as large wheels do. But it has to be taken into account that at least three of the four
discussed mechanisms of disintegration prevailingly occur in the lower quarters of a
mass. Crushing as well as friction depend on high compressing forces; and effective
collisions require high relative velocities as mainly encountered at the bottom of the
mass when colliding with asperities of the ground. And even static fracture, the fourth
mechanism, shows in certain configurations a tendency in favour of near-to-bottom
disposal of small particles: in the most probable form of bending (Fig. 4.2a) any smaller
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Fig. 4.6. “Polished” surfaces in the tracks of the rockslides of Kéfels (a) and Flims (b). Stylos give an
idea of the remarkably fine “machining”. In Photo b straightness over many metres is evident, in a it
was made sure by aiming at the next similar surfaces. Note similarity with Fig. 2.25 and 2.26b (Photo a
by courtesy of H. Heuberger; b by Abele)
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by-products of fracture have a good chance to fall into the resulting triangular void;
and failures following first delamination (Fig. 4.2¢), be it in further delamination or
in bending, are probably not independent of the overthrust load. Hence debris grad-
ing coarse on top is not only a result of having been shaken in motion: it is, to a sub-
stantial extent, the result of disintegration being particularly intensive near the bot-
tom of a mass. Exceptions from this rule (Fig. 2.10; Sect. 5.7) have to be considered as
anomalies and justify a closer investigation.

By the way, the above-mentioned mechanisms do not necessarily apply to all large
blocks found on top of smaller-sized distal debris: in certain cases it is not excluded
that single boulders, having been released later than the rest of the mass, overtake it in
its motion (and possibly also after its standstill), riding (and possibly also rolling), so
to say, on its back. For the moment, it is left open how far a somewhat similar prob-
lem, namely the visual post-eventum impression that large boulders had been “float-
ing” on small-sized debris, belongs into the present context. The phenomenon origi-
nally was expressed by Griggs (1922, 142), half a century later adopted by Hsii (1975,
136),and commented in connection with certain observations by Eisbacher (1979, 330).
The respective formulation by Griggs runs as follows: “... rocks... did not slide into
their present place but were rather floated into position, buoyed up by the mass of finer
debris...”. For certain reasons this question will be considered under Heading 5.3.



Chapter 5

Mechanisms of Displacement

None of the stones is free, they all are linked to form a unique
whole in the speeding stream and bound to remain in the order in
which they started for the common rush.

Albert Heim (original in German)

5.1
Coherent and Disintegrated Motion

Before studying in more detail the role of energy dissipation in mechanisms like
Coulumbian friction or lubrication, it is useful to look at coherent and disintegrated
motion from a more general point of view, aiming at energetic differences depending
on nothing but the degree of cohesion, irrespective of the mechanisms acting in a
particular case. In doing so, inevitably three fundamental problems are encountered,
and each of them can be formulated as a question.

1. What are the physically relevant features of a disintegrated moving mass as com-
pared with those of a coherent one?

2. How far can such features influence the reach of an event, be it generally or in
specified circumstances?

3. What is needed to describe the state of disintegration along the track of an event in
such a manner that easy application and satisfactory quality of the results are
granted for analysis and prediction?

In the following, by far the largest effort will be required to find answers to the

numerous sub-questions implied in Question 1.
*

The difference between a coherent and a disintegrated mass might be seen in anal-
ogy to that between a solid body and a liquid. This point of view is suggested by an-
other analogy: the motion of particles within an enormous heap speeding downhill
sometimes has been compared with the motion of molecules in a flowing liquid. The
motto at the head of the present chapter (Heim 1932, 105) sounds - whether rightly or
not, is another question - like an implicit negation of such an analogy which, in fact,
cannot be accepted without previous consideration of the physical circumstances.

In a disintegrated mass gravitation is a dominant principle. It generates a vertical
compression which, irrespective of superposed dynamic effects, creates a vertical mean
compressive stress increasing from top to bottom. The tendency of the mass to spread
horizontally is nothing but a consequence of this ubiquitous stress, acting - continu-
ously or by impact - upon oblique surfaces of particles. A necessary consequence of
this process (Fig. 5.1) is a mean horizontal stress, normally growing as a function of
vertical stress and in its turn - via friction - generating an additional resistance against
vertical shearing. So the mean horizontal stress, in spite of depending on its vertical
counterpart, fundamentally differs from it; yet in both cases the resistance against
shearing deformations depends on depth. These two facts can be summarised in the

T. H. Erismann et al., Dynamics of Rockslides and Rockfalls
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Fig. 5.1. Generation of horizontal stress in disintegrated mass. The weight of block A acts on oblique
surfaces of blocks C and D, thus tending to push them apart. Block B, exerting more or less vertical
forces upon D, remains neutral with respect to horizontal stress. Friction and the general tendency to
assume positions approximately parallel to the ground reduce the mean horizontal stress as com-
pared with the mean vertical stress (sketch by Erismann)

statement that in its behaviour a disintegrated mass is neither isotropic nor homoge-
neous. Speaking in terms of a liquid where compressive stress corresponds to pres-
sure: neither the quality of pressure as a scalar (direction-independent) value nor the
almost exclusive dependence of shearing resistance upon the local shearing velocity
gradient (and material parameters) is granted - two basic physical principles of lig-
uids are far from being fulfilled.

More than that: the anisotropy of a disintegrated mass is particularly manifest in
its behaviour under stress by extension. While a liquid remains a continuum as long
as static pressure is able to keep it together, debris, owing to friction, is far more reluc-
tant to fill voids. As a matter of fact, a disintegrated mass may almost be considered as
coherent under compression and incoherent under extension. This is true in any given
direction. For instance, when moving, in descent, on a decreasing slope where the proxi-
mal particles of a mass suffer more accelerating forces than the distal ones, longitu-
dinal cohesion is established, and the mass moves almost as if it were coherent; con-
trarily, in descending on an increasing slope, a disintegrated mass loses cohesion and
tends to be torn to pieces (and to spread in longitudinal sense), thus resembling rather
independent blocks (or clusters thereof). It is well understood that in a run-up, where
gravitational forces turn from acceleration to deceleration, the above-used attributes
“increasing” and “decreasing” have to be castled to obtain correct statements.

In such instances the mentioned analogy with a liquid turns out to be a very lim-
ited one, and it is a justified question, how far the comparison makes sense at all. The
fact that a disintegrated mass, like a liquid, passes rather easily through narrow clear-
ances and curves, obviously is a somewhat meagre argument. Anyhow, the reluctance
becomes plausible that was expressed in Sect. 1.2 against the use of terms like “flow”
and “stream” in connection with moving debris.

*

The difference is sharply accentuated as soon as, in addition to the above-mentioned
phenomenological features, energetic aspects are focused. Here the preliminary work
done in Sect. 4.2 will be of great use. In particular, the trick to begin the analysis of a
collision between two mass points by introducing symmetry of momenta and then to
extend the range of validity by adding one and the same constant velocity u to both
considered velocities, now can be generalised in more than one respect.

A first step of generalisation is to consider what happens if the vector of the added
velocity u is not aligned with those of Au; and Au, as assumed in Fig. 4.4 and the
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Eq. 4.3, 4.4, and 4.5. Now in the mechanics of inertial systems no conditions are stipu-
lated in this respect, so that the simple answer is: in the relative displacement between
the mass points m; and m, and in the required energy AW there is no change, what-
ever the direction and amount of # may be. As the collision of two mass points can be
considered as a fairly good approximation to the frontal collision of two extended
masses, the last statement means nothing less than that the concept of external and
internal kinetic energy is valid for any frontal collision which may occur between par-
ticles in a moving disintegrated mass.

Perhaps two easy-to-grasp examples are helpful for better understanding. If
the vectors of Au; and Au, are perpendicular to that of u, it is directly evident that
a collision of the two masses, in spite of dissipating energy, has no influence upon
their momentum in the direction of u. And sports based on collisions (like tennis)
are — besides alien effects like wind or glaring sunshine - independent of the geo-
graphic location and orientation of the court (the unique valid source of error, the
Coriolis effect, imperceptible for our senses, is due exactly to the fact that the vector
of u on a tennis court is not steady: it accomplishes a circle once in twenty-four
hours...).

This first step is still a small one as not many collisions can be considered as rea-
sonably “frontal” i.e. such as to produce little more than reflection in the axis of the
original relative displacement (this axis, of course, being continuously displaced in
function of the additional velocity u). Normally collisions are more complicated: fric-
tion, in occurring at the surfaces of two excentrically colliding bodies, in principle
produces a reduction of the relative velocity and an angular acceleration. This gives
the opportunity to reveal the more general physical law that stands behind all possi-
ble contacts between two particles of a moving mass. As a matter of fact, such con-
tacts, whatever their character may be, owing to the principle of action and reaction,
necessarily call for a perfectly symmetrical exchange of forces: at any moment a force F
acts upon the point of contact of one body and an exactly opposite force -F upon the
respective point of the other body. This symmetry of forces automatically means also
a symmetry of momenta which are nothing but integrals of forces over time. Thus
the general statement - of which the simple case presented under Heading 4.2 was only
a very special example - is true, that, in spite of dissipating kinetic energy by impact
or friction, all possible internal contacts between particles cannot influence the mo-
mentum of a moving disintegrated mass. To achieve such influence, the action of ex-
ternal forces is unconditionally necessary.

It would, nevertheless, be an error to assume that in such instances the losses of
internal kinetic energy were not dissipated at the expense of the total kinetic energy
of the mass. One should not forget the trivial fact that, by exception of rare or negligi-
ble cases (e.g. residual stresses; volcanic activity, Voight et al. 1983), there exists no other
source able to furnish kinetic energy (no matter whether external or internal) than
the potential energy of the descending mass. In other words: the fate of the internal
kinetic energy is not sealed in the moment of dissipation (be it by collision, friction,
or what not); it is sealed in the moment when, by external forces, internal kinetic en-
ergy is generated, i.e. when internal differences in velocity are built up which later can
result in dissipation of energy.

There is no doubt that effects connected with internal kinetic energy stand behind
the most important cases of energy dissipation within a moving mass. Yet it is possi-
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Fig. 5.2. Model demonstrating
static energy dissipation within
a disintegrated mass moving on
undulated ground. Approximate-
ly vertical groups of particles
(idealised by slabs) moving
downward with respect to
neighbouring elements are
marked by arrows near the mu-
tual contact surfaces. Changes
of load upon the ground are
marked by triangles pointing
up (reduction of load) or down
(increase of load). So the total
effect - reduction of driving
force — becomes evident: the
descending (i.e. driving)
portions are apparently lighter
than those moving horizontally
(sketch from Erismann 1979)

ble to imagine circumstances in which the generation of internal displacements and
the subsequent loss of energy occur on an essentially static basis. In one of his early
studies {1579, 25-26), Erismann developed a simple model of this kind (Fig.5.2). It
makes it plausible that, on undulated ground (one of many possible circumstances
evoking relative displacements within a mass), internal friction induces a nonhomo-
geneous load distribution: owing to the mean horizontal stress postulated here-above
the parts with reduced slope support an overproportional share of weight while those
with higher slope are unburdened to a certain extent. Most of the mass, so to say, slides
on a reduced slope, and a part of the vertical travel takes place in an approximately
vertical motion of approximately slice-shaped mass portions, i.e. without producing
a driving effect. Once more, this example stands for the general rule that internal fric-
tion, whenever it occurs, marks a loss of driving energy and thus reduces the reach of
an event.

In closing this excursion into problems of energy dissipation a further remark has
to be made with respect to the motto at the head of the present chapter. This motto is
the expression of repeated observations made by Heim (e.g. 1932, 105, s. also Hsi11978)
and confirmed by others (e.g. Fig. 2.21; Shreve 1968a, 29; Eisbacher 1979b, 324, 331)
according to which a moving disintegrated mass remains “in shape” to a remarkably
high degree. Obviously the motto is in perfect agreement with the considerations made
under Heading 4.2 about the tendency of collisions to equalise the velocities of parti-
cles. Heim’s preceding statements, however, cannot pass uncommented. The descrip-
tion of a faster particle hitting a slower one from behind contains the sentences: “It
spurts and strikes one that... moves in its way. Just as much kinetic energy as the first
had in excess of the second, it transfers in the collision to the second and loses it for
itself and remains behind...” (translation by Erismann). These (and further) formu-
lations show that Heim’s self-critical remarks about his having forgotten, at an age of
83, most of his physical knowledge (1932, 143) were made with a good reason: when
using the German word “lebendige Kraft” (i.e. “living force”, an antiquated expres-
sion for kinetic energy, by the way correctly applied on page 95), he must have had in
mind the momentum for which the sentence, as the considerations of Sect. 4.2 show,
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would make sense: in a collision the total momentum is conserved, the kinetic energy
undergoes a reduction. Even the Grand Old Men of alpine geology were not immune
to errors...

*

Many other physically relevant features of disintegrated displacement are far more
trivial than the somewhat intricate problem of internal kinetic energy. Yet in some cases
coherent motion (and the comparison with it) needs a more differentiated consid-
eration than a simple statement of non-existence as sufficient for questions of inter-
nal kinetic energy.

It is, for instance, a trivial fact (by the way already mentioned in this section) that
narrow clearances like the passage shown in Fig. 5.3a, may in certain cases arrest a
partly disintegrated mass consisting of elements which, if passing individually, would
encounter no serious obstacle. Especially wedge-shaped blocks and/or a passage con-
verging in the direction of displacement can thereby play the part of efficient brakes.
A striking example of an expected and released rockslide that finally did not take place
at all is mentioned by Heim (1932, 158-162): the mass, essentially coherent by lack of
opportunity to disintegrate, was arrested by the wedge effect of solid converging lat-
eral rocks after a practically insignificant travel! Contrarily to such a lucky outcome,
a curve with steep lateral walls, if unable to let through a coherent mass, may instead
evoke first fracture by bending and thus free the way (Fig. 5.3b), of course at the ex-
pense of a certain additional frictional energy lost in the contact surfaces between
the mass and the lateral slopes. What will happen in a particular case, depends on the
local configuration of parameters.

Here it is not intended to discuss in detail the mechanisms subsumed under the
collective name of “size effects” which might as well (or even better) be designated as
thickness effects. As a matter of fact, the examples discussed more in detail under
Heading 6.2 (rather trivial) and 5.5 (less trivial) refer to mechanisms working in first
instance owing to thickness: lateral extent can be regarded as a parameter of minor
importance if within the bulk of the mass thickness and velocity do not vary dramati-
cally. Now thickness remains as well as constant in coherent motion while a disinte-
grated mass, when moving on rather plane ground, tends to lose thickness by lateral
spreading, and the potential energy thus dissipated is lost for forward motion.

Fig. 5.3. Narrow clearances. a Wedge effect at entrance of gorge stopping cluster of blocks which
easily would have passed one by one; arrow shows direction of motion. b First fracture of long block
allowing the fragments to pass through narrow curve; arrows show bending (and friction-generat-
ing) forces before fracture (sketch by Erismann)
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Ly

- ™

Fig. 5.4. Length L of distal talus or cone consisting of debris depends, besides the angle of rest (equal
for all represented cases), on the material’s thickness (and thus can be increased by channelling):
L,<Ly and L < Lgy. Further increase is possible on inclined ground: L,< L, and Ly, < Ly (sketch by
Erismann)

It is equally obvious that only a disintegrated mass is able, by the end of its travel, to
generate a significant distal talus or cone covering an additional area (a curious variant
was analysed by Voight 1973, 114-117: wedge-shaped portions of relatively plastic material,
in losing thickness, drove apart neighbouring blocks). This peculiarity of disintegrated
motion is especially effective if the mass moves along a narrow, but not impedingly nar-
row valley: after having profited from size effects due to high material thickness preserved
by lateral confinement (the so-called “channelling effect”, Eisbacher 1979b, Fig. 21-23,
25, 26; Evans et al. 1989, 436), by the end of motion a talus can develop from a higher
level, thus reaching farther on a given slope (Fig. 5.4). It is obvious that such talus, if
developed on a descending slope, assumes a particularly great length. So, besides the
general fact that a mass moving in coherent state has no possibility to acquire drive
energy by losing thickness (a partial counterweight to the above-mentioned loss of drive
energy due to lateral spreading), there may exist circumstances enhancing this effect.

*

Eventually, the question has to be asked how a coherent and how a disintegrated
mass deals with a local asperity encountered on its track. Besides the - never excluded
- possibility of the mass being disintegrated by the obstacle and the phenomenon of
scraping or ploughing (Fig. 5.5¢) which will be treated in Sect. 5.4, there are two fun-
damentally different issues: either the mass cuts away the obstacle or it runs over it. In
a particular case it will, of course, take the line of least resistance. And this line is dif-
ferent for coherent and disintegrated masses. In case of a reasonably solid obstacle,
cutting away (Fig. 5.5a) means exerting a very strong hit. If coherent, a mass is able to
concentrate its entire inertia in one single stroke while in a disintegrated mass sub-
stantial internal losses hardly can be avoided. The opposite refers to running over: a
coherent mass has to be integrally lifted over the obstacle, a disintegrated one has a
chance of finding its way with local internal displacements of particles (Fig. 5.5b). So,
despite the importance of details for assessing a particular case, the general statement
can be made that coherent masses rather tend to cut away an asperity while disinte-
grated masses are better suited to run over it. From a somewhat different point of view,
the discussion started in this paragraph will be resumed in Sect. 5.4.

It goes without saying that, at least in principle, the situation presented in the last
paragraph might as well be turned upside down, the asperity being in the moving mass
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Fig. 5.5. Moving mass encountering solid asperity of the ground. a Coherent mass tends to cut away
the asperity. b Disintegrated mass tends to give way by running over the obstacle. ¢ Scraping or plough-
ing (according to size) (to be discussed in Sect. 5.4). Areas stained black: fresh fragments. In princi-
ple, the asperity might also be part of the moving mass. Consult text for particularities and probabil-
ity of such inversions (sketch by Erismann)

and the cutting or giving-way mechanisms in the ground. Certain differences exist in

such inversions (for instance, the freedom of forming a hump in running over an ob-

stacle is better than that of rearranging the particles in a talus in order to give way to a

moving asperity). In any case, the configuration of Fig. 5.5a and b is the most probable

one for two reasons: a disintegrated ground is not very frequent, and the smaller slid-

ing surface of the moving mass normally will be planified faster than that of the track.
*

The consequences with respect to the reach of an event - as postulated in Ques-
tion 2 - can be drawn from the discussed mechanisms in comparatively short state-
ments. In any case, it has to be borne in mind that, as a disintegrated rock mass is
neither homogeneous nor isotropic, it is inopportune to use analogies with a liquid
when comparing it with a coherent mass.

11. When being longitudinally compressed (e.g. in a descent with decreasing slope or
a run-up with an increasing one), the differences between disintegrated and co-
herent motion are minimised by dynamically forced coherence. It can be expected
that this is also true, at least to a certain extent, with respect to reach.

12. All energy-dissipating contacts in which exclusively moving particles of a disinte-
grated mass are involved (no matter whether mainly by collision or by friction), go
at the expense of the (potential) gravitational driving energy. These losses of “in-
ternal” kinetic energy (due to differences in velocity and/or direction between
particles) do not exist in a coherent mass and thus favour it with respect to far
reach.

13. In a disintegrated mass moving on undulated ground (even if velocity is too low to
make dynamic effects relevant) a part of the gravitational driving energy is di-
rectly lost by internal relative motion. A coherent mass bridges the undulations
and thus has an advantage of reach.

14. A disintegrated mass easier passes through narrow clearances than a coherent one.
This is valid both for gorges and curves. Even if forced into a partial volte-face, it
may not lose its entire kinetic energy.

15. Where size (in principle: thickness) effects (Sect. 5.6, 6.3) are acting, a coherent
mass has a better chance to reach far than a disintegrated one. This difference is
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particularly acute if the disintegrated mass loses much thickness (and thus poten-
tial energy) by lateral spreading on plane ground.

16.The effects of Item 15 can be counteracted (perhaps even overcompensated) if the
disintegrated mass is laterally confined by channelling walls and if, in coming to a
rest, it can form a distal talus within a channel-shaped, downward-sloping con-
finement.

17. Coherent masses rather tend to cut away local obstacles while disintegrated ones
tend to run over them. Cutting means track-making as the obstacle is more or less
annihilated. In disintegrated motion, a certain amount of track-making is also pos-
sible by straightening the access to the run-over (area stained black in Fig. 5.5b).
Quantitative comparisons of particular cases are very difficult (if not hopeless).

When considering the discordant criteria presented in the above items, it becomes
clear that a farther-reaching mode cannot be ascertained a priori. Too much depends
on the local conditions of a particular event, and quantification easily remains wish-
ful thinking. Despite such uncertainty, Items 11-17 can be found useful when consid-
ered simultaneously with geomorphological features of an event. Thus, if for a particu-
lar portion of the track the state of disintegration is known, the probability of valu-
able conclusions is definitely improved: at least a hint for a reasonable subdivision
into zones of low, medium, and high energy dissipation {as proposed by Nicoletti and
Sorriso-Valvo 1991) might result (Sect. 6.4). And this is not a negligible asset.

The term “reach” requires, perhaps, a comment. As used here-above, it refers to the
overall horizontal distance covered by an event (for further details s. Sect. 6.2). If,
however, the total area threatened is at stake, it has to be taken into account that this
area, as far as the circumstances allow lateral spreading, inevitably will be larger for
disintegrated than for coherent displacement. In spite of this trivial fact it is normally
justified to focus practical work on distance rather than area: the crucial question in
rockslide prediction is to estimate how far a mass will reach, and it is — after due con-
sideration of the topographic features and keeping in mind such lessons as taught by
the catastrophes of Vaiont (Sect. 2.6) or Huascardn (Sect. 2.7) - nothing but common
sense to account for lateral spreading by declaring as endangered reasonable zones
on both sides of the presumptive main track.

*

Up to this point the two attributes “coherent” and “disintegrated” have been treated
as if there were no intermediate states. This is obviously a simplification. In real events,
disintegration may occur step by step at successive locations as well as it can be con-
centrated in a single one. And even in this last-mentioned case the location of disinte-
gration may in itself be extended over hundreds of metres. If a continuous descrip-
tion of coherence were imperative, the use of a special parameter (expressed for in-
stance by the average size of particles or by more sophisticated granulometric data)
would have to be envisaged - not a very promising perspective in connection with
the postulate of easy application, not to speak of the difficulties in predicting granu-
lometry (as mentioned in Sect. 4.2). In such instances Question 3 leads to a discus-
sion about the acceptability of simplifications.

Now the most radical simplification of a continuous value is reduction to a single-
bit description which, in the present case, would mean the establishment of a well-
defined state as a limit between coherence and disintegration. This approach is by no
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means unreasonable: from the statements 11-17 it appears probable that the differences
are not as dramatic as might be guessed at first sight; furthermore many locations of
disintegration, as already stated in Sect. 4.1, are detected rather easily even if nothing
but a longitudinal section of a track is available. So the question remains how far dis-
integration should be advanced to be considered as valid. Once more, Items 11-17 can
be used as a basis.

Item 11 only describes the state of best similarity and thus can be considered as
marginal in the present context. Items 12 and 13 essentially contain a claim for the
possibility of relative displacements within a disintegrated mass whereby the pro-
portionalities in the basic equations for collisions and friction (Sect. 4.2,5.4) show that,
at least for a first approximation, it is of little importance whether many small or few
large particles are contacting each other. So the range within which a mass can be
considered as disintegrated is remarkably wide. An intentionally imprecise descrip-
tion by “largest dimensions of most particles <30% of thickness of mass” is proposed
as a tentative approach. Item 14 postulates easiness of passing through narrow clear-
ances, a condition for which the said tentative description can be used. The lateral
spreading of Item 15 often occurs in the run-out phase of a rockslide. If the mass up
to this point is still coherent, its being disintegrated “in extremis” is of little impor-
tance. Item 16 describes a configuration in which the reach of a disintegrated mass
approximately equals that of a coherent one so that the particular state is almost ir-
relevant. Only Item 17, as will be demonstrated under Heading 5.4, cannot be satisfied
either with the formula accepted for Items 12, 13, and 14, or with low differences be-
tween the two states as expected for 11 and 16; or with a trivial situation as stated for 15.
In fact, the difference between cutting away and running over an obstacle is not a
matter allowing expression by simple linear equations.

In spite of this drawback and the obvious imprecision, it appears reasonable to
accept as a working tool the above tentative relation between the sizes of particles and
that of the mass (Fig. 4.2 shows fragments unacceptable in a disintegrated mass;
Fig. 5.5b gives an idea of what should be the maximum tolerated particle size). There-
from it can be concluded that in the normal course of things static fracture, in par-
ticular if generated by bending or non-repeated delamination, may be regarded as
insufficient while disintegration by reasonably intense impact promises adequate par-
ticle sizes. Hence the first occasion of effective disintegration by impact may be con-
sidered as the valid locus of transition from coherent to disintegrated state.

In a publication essentially based on quantification, the background of the above
definition appears, perhaps, as somewhat woolly. To check this impression, in Table 5.1
the five key events viewed in Sect. 4.1 for locations of disintegration by impact are
considered in the light of the definition. The result shows that, if sufficient topographic
information is available, the uncertainty is not as serious as might have been assumed.

Comments are required only in two cases. A slight uncertainty exists for Pandemo-
nium Creek as a sufficient disintegration, though probable, is perhaps not granted at
the end of the quasi falling motion. Fortunately the influence of the signalled alterna-
tive (landing after bounce) is limited as the track between the two possible loci of tran-
sition is well-channelled and thus excludes a dramatic difference between coherent
and disintegrated motion. Val Pola teaches a lesson: here the longitudinal section does
not suffice to show the true locus of transition, and the contour lines and/or Fig. 2.27
and 2.28 have to be consulted to see the possibility of lateral collisions between par-
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Table 5.1. Presumed locations of first disintegration by impact in five key events

Figure Event km Character Remarks

24 Pandemonium 04 Landing (quasi-fall) Alternative: km 2.3 (bounce)
2.18 Kofels 4.1 Collision (steep slope) Full stop of bottom part only
2.30 Val Pola 0.8 Collision (lateral) Converging semi-falling motion
2.36 Vaiont 16 Collision (steep slope) Full stop (Sect. E-E' and F-F')
248 Huascaran 0.7 Landing (fall)

tial masses moving on convergent tracks to the relatively narrow passage at km o.8.
The collision must have been violent, no matter whether a simultaneous or a succes-
sive release on both sides took place. As concerning the three other events (Blackhawk
once more being excluded as done in Sect. 4.1), after a look at their longitudinal sec-
tions one involuntarily thinks: where else?

Obviously the coarse-on-top grading normally observed in rockslides might be dis-
cussed in this section as well as elsewhere. Yet, as one of its essential causes consists in
a concentration of disintegrating mechanisms near the bottom of a mass, the respec-
tive remarks have been made in Sect. 4.2.

*

Readers expecting from the present chapter a substantial amount of physico-math-
ematical stuff are perhaps disappointed by the aridity of the above overture in this
respect. In continuing their reading they will encounter various circumstances in which
formal quantitative analysis is revealed indispensable to distinguish plausibility from
absurdity even in hypotheses displaying at first sight a purely qualitative character.
This chapter - as, by the bye, the entire book - is addressed to experts facing rather
the practical than the theoretical side of problems, and the mathematical level is ad-
justed accordingly. Those who are willing to penetrate into more academic fields, may
study the respective literature. Some interesting examples are picked out hereafter
although - owing to the assumptions made - their immediate application to rockslides
cannot be recommended unconditionally. Savage and Hutter were the initiators of
many publications in the field of granular displacement (“flow”), aimed at the influ-
ence of various laws of resistance upon motion: Savage (1979); Hutter et al. (1986);
Savage and Hutter (1989); Nohguchi et al. (1989); Hutter (1991); Hutter and Koch (1991).
Another line of thought is the application of fractal methods to quasi-chaotic ava-
lanches generated in sandpiles and similar models: Bak and Chen (1989); Wiesenfeld
et al. (1989).
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5.2
Consequences of Velocity-dependent Resistance

It may be useful to start a closer discussion of mechanisms by an investigation of the
connection between velocity and resistance against displacement. In fact, according to
the mechanism dominating in a certain phase of motion, substantial variations may
be observed in the behaviour of a mass. Thus quantitative comparison of idealised
case histories can be arranged so as to reveal the phenomenological characters of basic
mechanisms which, in their turn, can be used to judge how far the mathematical ex-
pression of a mechanism is applicable as a model for its morphologically given real-
ity.

In such instances it is not illegitimate that, in setting up the mental experiment
described hereafter, the physical background of the involved mechanisms will be com-
pletely disregarded: a mechanism will be defined by nothing but the causal connec-
tion between velocity and resistance (Fig. 5.6a) which necessarily is a constituent part
of (positive or negative) acceleration. In other words: the mechanism will be consid-
ered as a black box (for details s. Ashby 1961). Accordingly each mechanism will be
designated merely by a reference letter (N, P, Q, R) and not by a physical description.
Examples of possible physical configurations, however, will be presented in certain
cases for easier understanding.

For obvious reasons three of the four considered mechanisms chosen for compari-
son belong to those usually encountered in connection with mechanical motion.

Fig. 5.6. Mental experiment 0.6
with (a) functions ¢, fn (v)
expressing velocity-dependent y

resistance of mechanisms N, P, NR /
Q, R. Proportionalities of re- AN tanf
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(sketch by Erismann)
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1. Mechanism N (“Not dependent”): resistance independent from velocity and pro-
portional to the component of gravity exerted by the mass upon the ground (ex-
ample: constant coefficient of Coulomb’s friction),

2. Mechanism P (“Proportional”): velocity-proportional resistance (example: motion
on a laminar layer of viscous fluid),

3. Mechanism Q (“Quadratic”): resistance proportional to the square of velocity (ex-
ample: motion on a turbulent layer of watery fluid).

The fourth mechanism is introduced to account for the fact that under certain con-
ditions resistance may decrease with increasing velocity (Sect. 5.5). For the sake of
simplicity a linear function is assumed.

4. Mechanism R (“Reverse”): resistance proportional to (1 - v/ v.), where v, is a con-
stant reference velocity.

On the basis of these definitions it is assumed that four masses, each according to
one of the defined mechanisms, move across a V-shaped valley as represented in
Fig. 5.6b. To obtain unambiguous results, three important assumptions are made re-
gardless of their uncertain practical plausibility: in each case (11) the respective mecha-
nism remains invariably effective during the entire displacement; (12) only a negligi-
ble amount of energy is lost in the transition from descent to run-up; and (13) resist-
ing mechanisms are mainly concentrated near the bottom of the mass.

*

Obviously any of the considered mechanisms can be described by the differential

equation

a=tgsinf - cpfm(v) (5.1)

where a is the acceleration along the slope, g gravitational acceleration, f3 the slope
angle, ¢, a constant (not necessarily dimensionless) coefficient, and f;,(v) the func-
tion of velocity v attributed to the respective mechanism; the index m (suppressed in
Fig. 5.6) stands for the appropriate reference letter N, P, Q, or R. Besides existing el-
ementary solutions (especially for mechanisms N and P), numerical step-by-step in-
tegration is easily obtained by using the trivial set of equations

v=fadt (5.2)
ve=vcosf (5.3)
x=[vdt (5.4)

where ¢ is time, v, the horizontal component of v, and x the horizontal distance from
the starting point of the respective phase (descent or run-up). Provided that 3 is re-
garded as positive for both phases, the sign of the first term on the right side of Eq. 5.1
is positive for descent (index “d”) and negative for run-up (index “a” for “ascent™).
To obtain a standardised basis for comparison, the four constant values c, are ad-
justed in such a manner that the four run-ups reach equal heights if tanf8; = tanf8, = 0.6
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Fig. 5.7. Velocity v versus horizontal distance x in experiment according to Fig. 5.6. a Descent and
run-up on symmetrical slopes. Coefficients ¢, yield equal run-up heights. b, ¢ ,d Run-ups on other
slopes (initial velocity as shown in a). Hatched areas: curves are too densely packed for individual
representation. Circles with numbers 10, 20, etc.: time marks, every 10 s in descent, every 5 s in run-up
(sketch by Erismann)

(equal slope angles of approximately 31° on both sides of the valley). For mechanism N,
it appears useful to use ¢y =g, whereby a coefficient of friction pt = f(v) / cosf= 0.4
is assumed. Besides cp,,, the respective velocity v,;5 in point S (Fig. 5.6b) is used as ini-
tial condition for run-up calculations.

The comparison proper consists in looking what happens if run-ups with various
slope angles are calculated on the basis of the initial conditions described here-above.
The results are shown in Fig. 5.7 as graphs of velocity versus horizontal distance.

For further discussion mechanism N, mathematically the simplest and certainly the
most familiar in practical application (Sect. 6.3), is used as a reference basis. Accord-
ingly, as far as quantitative results are involved hereafter, the figures of mechanism N
are considered as representing 100%.

*

Of course there are several more or less trivial results. The narrow bands of v(x)

curves in steep run-ups (tanf3 = 0.6 and 1.0), not exceeding a width of about 40 m in
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x-direction, are due to the high ratio of gravitational to dissipated energy and, with
tanf}, = 0.6, by the forced identity of total distance run. Equally obvious is the fact that,
in comparison with the other mechanisms, N has the shortest reach for low and the
farthest for high B values: the resistance being proportional to the component of weight
exerted upon the ground, a reduction on steep slopes necessarily occurs. Finally, the
striking resemblance of mechanisms P and Q needs little explanation as both are char-
acterised by reduced resistance at low velocities so that initial acceleration is high in
descent and final deceleration low in ascent. A striking difference between P and Q
will turn up hereafter.
*

In three cases, however, it is justified to speak of non-trivial and practically signifi-

cant results.

21.In spite of being very different in other respects, all mechanisms attain approxi-
mately equal velocity maxima: as compared with mechanism N, the values of Q, P,
and R range between 92 and 97%. This is mainly due to the fact that, to get from
energy to velocity, the extraction of a square root is required. Anyhow, this “good-
tempered” behaviour of velocity confirms a statement made by Erismann in one
of his early studies (1980, 271) in connection with the energy line method which is
nothing but a correct mathematical expression of mechanism N (Sect. 6.3):in man
cases the easy-to-obtain maximal velocity of mechanism N is good enough as a first
approximation even if dealing with other (or unknown) mechanisms.

22.The excessive duration of descent for mechanism R (253%) is partly due to the
choice of parameters, deliberately made to show effects as clearly as possible (for
v =0 the resistance almost equals the driving component of weight). Anyhow,
mechanism R, in descending, spends more time than N for both descent and run-
up. Symmetrically thereto, in spite of requiring only a moderate time for descend-
ing (78 and 75% respectively), P and Q, in running up on mild slopes, are so time-
consuming (184 and 238% for tanf, = 0.1) that their total time requirement may
sensibly exceed that of mechanism N (131 and 146% for tanf3, = 0.1). This fact can
be important if, for instance, owing to the existence of appropriate seismic records,
the duration of an event is known: in comparison with a simple type N evaluation
extra time may point to a non-N mechanism, mainly to R (to P or Q only in combi-
nation with a run-up on a gentle slope), or to a substantial variation of y in the
course of displacement.

23.For mechanisms P and Q a low (or zero) slope in the second phase means impress-
ing excesses of reach (166% and o for tanf, = 0; 129 and 153% for tanf, = 0.1, re-
spectively). The phenomenon is explained by the absence of resistance at zero ve-
locity and will be commented in more detail below. As a first practical consequence,
to be observed on mild or negative slopes, mechanisms P and Q are incompatible
with rapid arresting. In this context it is interesting that the best descriptions of
directly observed slides exclude dominance of P or Q for the run-outs of two fa-
mous events. Howe’s comment (1909, 52, description of Frank slide) runs as fol-
lows: “... cessation of movement appears to have been remarkably sudden...”; Heim
(1932, 111, description of Elm event) uses more dramatic words: ... all of a sudden,
the entire mass of rock grew stiff, as if by magic...” (translation by Erismann).
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It is, as a general rule, not intended to amuse readers with more or less trivial math-
ematical curiosities.In connection with mechanisms P and Q, however, there is a good
reason to make an exception. For horizontal motion the first term on the right side of
Eq. 5.1 obviously disappears, the variables become separable, and the elementary so-
lutions thus obtained can, for instance, be written in terms of velocities:

V= Vpg— CpX (5'5)
for P and
LN(V) = LN(VQs) - CQX (5'6)

for Q. Here vpg and vqg are initial conditions of running up, according to the defini-
tion of vpg here-above. Distance x is counted from point S (s. Fig. 5.6b). Hence, for
mechanism P, velocity (though an exponentially decreasing function of time) is a lin-
ear function of distance x so that v(x) is represented by a straight line crossing the
abscissa axis at x = 832 m (curve P in Fig. 5.7b), a point, however, that the mass theo-
retically will reach only after having moved to the end of time! Mechanism Q is some-
what “better off”: it also moves untiringly, but with the expectation of getting beyond
any finite bound (about eight km it will make in 24 hours, ten km in 365 days)... Is it
necessary to say that only perfect mechanisms, P and Q in pure culture, might be able
to function as the above calculations suggest?

In spite of their seeming absurdity such results throw a light on an important prac-
tical question: in running out on near-to-horizontal ground a substantial role (or even
a dominance) of a mechanism similar to type P or Q necessarily means long run-out
and gentle deceleration, or, in other words, the danger of reach being underestimated
in forecasting.

Of course, this peculiarity of mechanisms P and Q can be illustrated equally well
without using Eq. 5.5 and 5.6. It suffices, for instance, to solve Eq. 5.1 for zero accelera-
tion, assuming a certain negative slope. For tanf, = -0.1, to quote an example, both
mechanisms yield well-defined velocities: 13.4 m s for Pand 25.9 ms~! for Q,and the
character of the differential equation makes it clear that these velocities may be ap-
proached asymptotically both from above or from below. The approximately constant-
speed displacement in the “bobsleigh run” of Pandemonium Creek (Evans et al. 1989)
probably can be considered as a showhorse in this context. In fact, various circum-
stances favoured at least a partially Q-type motion: the mass brought with it a certain
amount of water taken up in the preceding descent on a glacier, thus warranting a
substantial “bow wave” (Item 5 in Fig. 2.7); steep slopes on both sides, in addition to
reducing lateral water escape, allowed for a part of this water to be “recycled” when
overrun by the mass; and the slope, though gentle, was sufficient to perpetuate the
mechanism over a considerable distance.

So far, as remarked at the head of this section, the mechanisms were considered as
being concentrated in the bottom-most part of the mass, and it is not intended here
to go into details of internal displacements as discussed under Heading 4.2. Yet a side-
glance at the internal kinetic energy may be useful. The general trend of internal con-
tacts by collisions and/or friction, namely equalisation of velocities between the par-
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ticles of a disintegrated mass, effectively reduces the energy available for further dis-
sipation. So internal losses similar to those of type Q, as signalled by Eq. 4.5, remain
small as long as no dramatic changes of motional direction occur (in Pandemonium
Creek Valley obviously the meanders were smooth enough). More in this context will
be communicated later, especially in Sect. 5.5 and 5.7

Once the context of field evidence being introduced into this basically theoretical
section, an assumption expressed by Voight et al. (1983, 261-269) should be addressed.
Their statement that, essentially, the event of Mount St. Helens was of the P type, is by
no means in contradiction with the above considerations. On the contrary, this state-
ment is perfectly plausible in view of the exceptional circumstances typical for a slide
in a strongly volcanic environment (locally excessive temperature, melting ice, etc.).

*

If there is any “philosophical” significance in the present section, it consists in the
demonstration that even apparently crazy mental experiments, in spite of being based
on obviously unrealistic assumptions, can yield results of practical value.
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5.3
Falling, Rolling, Bouncing

Falling, rolling, bouncing - three mechanisms so closely linked to each other that sepa-
rate discussion would be a difficult task: a single boulder sliding on steep ground will
sooner or later start rolling if not impeded by unfavourable conditions; rapid rolling
of an irregularly shaped body on uneven ground is impossible without the bounces
required to bridge the intervals between the - necessarily more or less protruding -
points of contact; and a bounce in a steep descent, especially in its final (asymptoti-
cally vertical) phase is nothing but an almost perfect process of falling. So it is quite
natural to approach the complex as a coherent system, picking out the particular
mechanisms according to their physical nature.
*

The remarks made in Sect. 2.1 with respect to the phenomenon of falling are in-
tended rather to describe the difference between rockfalls and rockslides than to de-
fine the term of falling. Perhaps a physically useful basis for the purpose is the crite-
rion that acceleration should not be substantially inferior to that of free fall or, in other
words, that friction should clearly be dominated by gravitation. If Coulomb’s friction
is assumed as a working hypothesis for the initial motion, it becomes obvious from
Fig. 5.8a that acceleration a and gravitational acceleration g are linked by

? =sinfi— pcosf (5.7)

where f is the slope angle and u the coefficient of friction. In the particularly inter-
esting range 0.2 < 1 < 0.4 the figures of Table 5.2 are obtained.

If, in order to be accepted as dominant, a force should clearly exceed the sum of all
other forces and, accordingly, a/ g > 0.60 is postulated, the occurrence of falling may,
roughly speaking, be situated above the slope range between 45° and 55° (see bold types
in the table). It is needless to say that this statement suffers the imperfection of all
threshold values arbitrarily applied to continuous phenomena.

*

It is quite a long time ago since mankind - by inventing the wheel or (perhaps even
earlier) by creating the first roller bearing, a couple of more or less cylindrical sticks
placed across the track of a heavy slide - found out the economy of force and energy
resulting from replacement of a sliding by a rolling motion. The experience of millen-
nia has cemented this knowledge to such a degree that nowadays, in imagining the
displacement of a large slab or a heap of blocks, one involuntarily looks out for some
rolling mechanism. It is, however, necessary to remember the various effects of ge-
ometry, material, and size in order to get at a realistic idea of possibilities and limits.

Roughly speaking, rolling begins as soon as, on the one hand, sliding of a body is
excluded by friction (and interlocking, if any) and, on the other hand, the vertical
projection of its centre of gravity is situated outside the polygon circumscribed to the
area of contact with the ground. These conditions essentially are identical with those
for toppling: rolling is nothing but repeated toppling, the postulate of repetition, how-
ever,implying another class of shapes. Here the role of geometry is obvious. Figure 5.8b
shows an easy-to-follow example: regular polygonal prisms (n: number of sides) will
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a b

Fig. 5.8. On the verge of falling (a) and rolling (b). Falling is arbitrarily defined by a>0.6 g
(a: acceleration along slope; g: acceleration of gravity). In the particular case a coefficient of friction
1 =0.258 and a slope angle f§ = 50° yield this critical value (Eq. 5.7). Rolling is compulsively given by
a non-sliding motion. In the particular case a regular hexagonal prism starts rolling on a slope angle
8> 30° provided that sliding is excluded by > 0.58. The critical position of centre of gravity CoG is
vertical above edge of contact surface. L: length of side = “step” length from one side to the next;
e: deviation of CoG (sketch by Erismann)

Table 5.2. Falling. Comparison of acceleration with that of free fall. Quotient a/g (a: acceleration on
slope; g: gravitational acceleration; f: slope angle; u: coefficient of friction) according to Fig. 5.8a
and Eq. 5.7. Italic types signal a/g > 0.60

B() 45 50 55 60
a/gu=02) 0.57 0.64 0.70 0.77
al/g(pu=04) 0.42 0.51 0.59 0.67

start rolling if slope angle B exceeds 180/ n and the coefficient of friction u exceeds
tanf. Lower friction may lead to sliding in a similar manner as the towers (and ski-
ers) of Fig. 3.14. Examples in the range 4 < n <16 are shown in Table 5.3. The limita-
tion to i > 0.20 does not mean that, once started, a prism will not, owing to its angu-
lar kinetic energy, be able to roll on, even in spite of lower friction. In fact, as men-
tioned in the first paragraph of this section, an appropriately shaped single boulder
on steep ground will start rolling almost inevitably: sooner or later it will encounter a
local obstacle that will initiate a sufficient spin.

The last line of Table 5.3 shows the deviation e of the prism’s centre of gravity in its
circular motion around one of its edges. This up-and-down movement is referred to
the side length L, identical to the horizontal travel between reposing on two consecu-
tive sides. So e/L is an indicator for the local unevenness of slow rolling motion. Of
course these figures are valid only as long as the downward acceleration remains
below g. If this limit is trespassed, a short bounce is inevitable and the amount of e/ L
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Table 5.3. Rolling conditions of regular polygonal prisms on plane slopes. n: Number of sides;
B: minimum slope angle required to start rolling; ;= tan5: minimum coefficient of friction required
to start rolling on slope angle f; e: deviation of centre of gravity with respect to a straight course;
L: side length of polygon = longitudinal displacement when rotating from one side to the next. Pa-
rameter e/L gives an idea of the locally uneven course in slow motion

n 4 6 8 10 12 14 16
B0 45.0 30.0 225 18.0 15.0 129 1.2
u 1.00 0.58 0.41 0.32 0.27 0.23 0.20
e/L (%) 20.7 134 9.9 7.9 6.6 56 4.9

is reduced. The respective critical velocity v = V(gR), as containing the radius R of the
circle circumscribed to the polygon, turns out to be size-dependent.

In analogy to other cases, quantitative evaluation of utterly improbable circum-
stances improves the easiness in understanding far more complicated configurations
as encountered in reality. And it is needless to say that other mathematically defined
geometries (e.g. bodies with elliptic section) might be used as well as polygonal prisms.
The results obtained would seemingly be completely different from those presented
above. Yet, as long as nothing but a single body is considered, at least four relevant
facts would emerge, whatever approach might be chosen.

1. To a high degree the possibility of rolling depends on the shape of a body. The
ability to roll asymptotically improves with the approximation to a circular sec-
tion with the centre of gravity in its geometric centre.

2. Once having been started, rolling may continue even under conditions (i.e. con-
figurations of Band p) excluding the start of rolling.

3. Even on perfectly plane ground non-circular rolling bodies necessarily start bounc-
ing at a critical velocity.

4. The critical velocity mentioned under Item 3, besides the shape of the body, de-
pends on its size: for geometrically similar bodies it is proportional to the square
root of the linear dimensions.

*

The process of rolling becomes more complicated as soon as instead of one single
body a multitude of different bodies are involved. Once more, an extremely idealised
model will demonstrate a set of problems which, far beyond the mere didactic aspect,
will reveal some fundamental physical rules of disintegrated motion.

Despite their unrealistic shape, cylindrical bodies are chosen for the initial approach
(Fig. 5.9). Consider at first a set of equal-sized cylinders, arrayed in several rows and
kept at a small distance from each other by more than unrealistic means: something
like the cage of a roller bearing (Fig. 5.9a). On a plane slope such a working model will
move with great ease, the cylinders (or rollers) of each row rotating in a sense oppo-
site to that of both rows above and below. Now cancel the first unrealistic condition
by allowing various diameters. In a particular case only a set of four rollers is consid-
ered (Fig. 5.9b). Check the function by tracing the sense of rotation dictated to the
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Fig. 5.9. Basic problems of roller bearings. a Idealised multi-plane array of rollers, easy to move (note
“cage” keeping the array together); b blocked set of four rollers: leading and trailing rollers tend to
drive the rollers of the set in opposite senses; motion is impossible without sliding in one of the
contact points; € blocked coherent mass on even number of roller planes (if bottom rollers roll cor-
rectly downbhill, top rollers drive mass uphill); d ideal roller bearing with single (= odd number) plane
of rollers; e principle of functioning short-travel roller bearing as observed by Eisbacher (in top-
pling, rollers give the mass an effective start for further - sliding - motion); f everyday reality of
disintegrated mass, reluctant against rolling displacement (sketch by Erismann)

rollers by the ground: if starting the process by the leading roller, the trailing roller is
forced into the wrong sense (and, of course, vice versa). So the entire system “does not
know what to do”. As an inevitable consequence, it is either blocked or it can move
only if sliding occurs somewhere. An analogous situation is observed if a large mass
is supported by an even number of roller rows (Fig. 5.9¢): again the rollers are in a
dilemma so that the system is either blocked or forced into sliding. In case of an odd
number of rows rolling would be unhindered and, in particular, a single-row roller
bearing would function without the mentioned “more than unrealistic” cage as no
forces would drive apart the rollers (Fig. 5.9d).

It is probably physical necessity rather than pure chance that the unique case of an
actually working roller bearing found in the literature (Eisbacher 1979, 329, 331) be-
longs to the last-mentioned type (Fig. 5.9€). It is well understood that in the particu-
lar configuration the “rollers”, as being relatively high and narrow, approximately rec-
tangular bodies, after release (by an earthquake in the particular case), only could
enable the mass to start motion despite a remarkably low slope angle of 13-20°. As
soon as they had toppled, the reduction of resistance was lost and further motion was
reduced to other mechanisms. The normal fate even of perfect roller bearings (includ-
ing Fig. 5.9d) is, to a certain degree, similar: the overburden mass necessarily over-
takes the rollers so that a continuous bearing function depends on the availability of
further rollers moving ready for use ahead of the mass.

In turning to less exceptional models, cylindrical (or quasi-cylindrical) rollers have
to be replaced by more normal clasts (Fig. 5.9f). Owing to their shape, the tendency
to start rolling, as a general rule, is dramatically lower than that of cylinders. Being
kept together by nothing but lateral contacts with each other or with external con-
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finements, they are subjected to a certain lateral pressure opposed, via friction, to ro-
tation. In addition, vertical overthrust load tends to force their largest diameter into a
position rather parallel than perpendicular to the ground (Fig. 5.1). Finally, if a mass
of a certain thickness, disintegrated in its lower portion, has to be considered, the prob-
ability is approximately equal for force-transmitting paths with an even or an odd
number of contacts. All these arguments show that the real probability of rolling mo-
tion is low in comparison with that of the above-presented working models.
*

Before closing the discussion about rolling, several particular aspects have to be
pointed out.

So far, a more or less plane track has tacitly been assumed. In the dramatic ups and
downs of real motion even the seemingly ubiquitous effect of gravity is superposed
by violent accelerations resulting in variations of intensity, and sometimes also sign.
Thus rotary motions have a chance to be initiated, though only in the short periods
of reduced compression. So bouncing can contribute to generate rotation. According
to the circumstances, the result, when looked at over a somewhat longer time, may
vary between a substantial angular displacement and nothing (if an initiated rotation
is annihilated in the subsequent phase of compression). In the debris of Kofels - to
quote a spectacular example - a large boulder with traces of glaciation is known
(Heuberger 1994, 291). These traces give sufficient clues for a partial reconstruction
of its kinematic history: it has undergone rotations on at least two of the three possi-
ble axes in space. But even such impressive phenomena normally have little to do with
rolling as a means of locomotion.

In speaking of large boulders the occurrence of their “floating” on smaller debris
(Sect. 4.2) should not be omitted. Certain reasons for grading coarse on top have al-
ready been mentioned, but the excessive phenomenon of large and accordingly heavy
pieces of rock right on top of the rest requires a more consistent explanation, at least
in cases where the trivial hypothesis of such boulders being latecomers with respect
to the bulk of the mass turns out to be impracticable (Sect. 4.2). First of all, mere buoy-
ancy (which might be assumed as a proposed mechanism from the wording used by
Griggs 1922, 142, as cited in Sect. 4.2) cannot give a satisfactory reason. In fact, a large
coherent body has, in general, a higher density than the surrounding disintegrated
mass (with voids between its particles). In other words: if buoyancy were the domi-
nating mechanism, the large boulder would sink instead of being floated! Now imag-
ine a boulder, submersed in smaller particles, seesawing to and fro in its tendency to
roll. The end going up pushes the particles on top of it upward and, to a certain ex-
tent, laterally. An effect of slackening in this region may occur, especially near the sur-
face of the mass. On the other hand, below the said end an increased void is gener-
ated, and possibly some of the surrounding particles will, under the influence of lat-
eral compression (Fig. 5.1), find their way into this space. So when the boulder see-
saws back, it encounters a slightly more elevated support. What follows, depends on
the circumstances: if the support remains low enough and the seesawing (so to say,
oscillatory) energy is sufficient, a step in a slow, step-by-step climbing results; if not,
the process is arrested - and the boulder has to wait for a better opportunity.

But once a large boulder of appropriate shape has reached the privileged position
on top, it may profit thereof and start rolling on the back of the disintegrated mass. It
is not excluded that some of the rather frequent boulders observed among the most
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distal deposits of various rockslides are not latecomers (as insinuated above) but “es-
calator passengers”. Their privileged position, in the sense of economising energy, is
twofold, by the reduced resistance of rolling and by travelling on “moving ground”.
And as the possibility of rolling on top of a moving mass is not exclusively reserved
to large boulders, the rare opportunity to observe a descending rockslide may some-
times produce the misleading visual impression of an essentially rolling process.

*

There exists, finally, an absolute limit to rolling: under the load of an overburden,
prospective rollers can be crushed. The method of calculating this phenomenon, cur-
rent practice in mechanical engineering (e.g. for dimensioning roller bearings), first
was applied to rockslides when an explanation was searched for the low slope angle
in the case of Kofels (Erismann et al. 1977, 87-88). The authors of that study were in
the comfortable position of dealing with a giant rockslide (maximal thickness in the
range of 500 m). Thus, assuming 200 m as an average, they still obtained a practically
prohibitive stress in spite of using the best possible geometry (s. Fig. 5.9d): a set of
ideally cylindrical rollers of equal size, densely arrayed between the perfectly plane
surfaces of ground and coherent mass. For lower thickness the equation determining
the Hertzian pressure s;, should, in the worst case of horizontal ground, be written

sp = 0.591c4/sE (5.8)

where ¢ > 1is a coefficient taking into account the imperfection of geometry. Keen read-
ers will, by the way, have observed that s, does not depend on the diameter of the cyl-
inders: many slender rollers are as good as few thick. The other parameters are, de-
spite a somewhat different notation, identical with those of the mentioned study: s, is
the average pressure upon the roller-covered surface, E is the modulus of elasticity of
the material. With a density of 2 500 kg m™2 (for a coherent overburden) and E = 15 GPa
(for a sound material) Eq. 5.8 can directly be written as a function of thickness H,
namely s, = 11.335 cVH if sp is expressed in MPa and H in metres. It is not an easy task
to estimate ¢ without assuming well-defined particular cases. Yet, in order to see that
c=1o0 still is a fiction, it suffices to imagine circumstances in which one of three roll-
ers on one third of its length is quasi-perfect (and ¢ = 9 means prohibitive stresses
above 20 odd m of thickness!). Another approach is to replace cylinders by spheres:
tentative calculations have shown that even in a perfect array a couple of metres thick-
ness would yield dramatic overstresses. In parentheses it should be remarked that for
the exceptional configuration of Fig. 5.9e the rule ¢ > 1is not valid as the “rollers”, being
only slices with more or less cylinder-sectorial ends, allow an abnormally dense pack-
ing. This makes sense only with such “kamikaze rollers” which, after having done their
duty (i.e. helped to start the mass), leave the rest to other mechanisms.

The general impression gained from the above reflections becomes more and more
transparent: if considered as a basic mechanism of locomotion and if no particular
effects are at work, rolling turns out to be far less important than might have been as-
sumed at first sight. It is, in fact, reduced to the displacement without overburden (be it
of single blocks or of particles at the surface of a mass), to roller bearing function un-
der particularly thin masses (hardly more than 20 m thick), and, in exceptional circum-
stances, to roller bearing “suicide” function under thicker masses, this function being
cut after a short time (e.g. by toppling of “sliced” rollers or by continuous crushing).



5.3 - Falling, Rolling, Bouncing 183

By no means, however, does this result make obsolete the information expressed
under Items 1-4: the limits to rolling in first instance are valid for rockslides; in rockfalls,
on the contrary, rolling must be considered as a mechanism of high importance.

Anyhow, it is worthwhile to complement the mentioned items by a set of statements
as obtained in the course of discussion. '

5. Rolling is an important mechanism of locomotion in rockfalls. Its importance in
rockslides, as far as not occurring at the top of a mass, is limited both in coherent
and in disintegrated motion (see hereafter).

6. In both possible concepts (roller bearing under a coherent mass and disintegrated
debris), irrespective of the degree of geometric perfection, blocking mechanisms
are inevitable in arrays of a certain complexity. This effect is enhanced by the ac-
tual shapes of particles.

7. The absolute limit for the concept of a roller bearing under a coherent mass is
given by crushing of the material. In principle this limit is independent of the roll-
er’s diameter. By exception of “kamikaze” cases of short duration, hardly a thick-
ness of 20 m can be considered as overburden, and ball bearings are completely
out of the question.

8. Rudimentary rolling motions are possible owing to shaking or bouncing on uneven
ground. Their importance for the displacement of rockslides is strictly limited.

9. Large boulders acquire a location on top of smaller debris not by buoyancy (which
would let them sink) but by micromechanisms occurring systematically in the pro-
cess of being shaken. Once on the back of the mass, they have a chance to roll forth,
overtaking at least part of the other debris.

All results thus presented are in good agreement with field evidence as well as with
theoretical considerations. In particular the repeatedly mentioned fact that even heav-
ily disintegrated debris tends to preserve the sequential order of clasts and, in a more
general way, to remain “in shape” (Fig. 2.21; Sect. 2.3, 2.4, 2.8, 4.1, 5.1) would become
questionable if rolling were one of the basic mechanisms in rockslides, especially in
large ones. The rarity of rounded medium-size clasts in the deposits of rockslides is a
further argument. And it is perhaps needless to say that the importance of sliding
mechanisms, as treated in the two immediately following Sect. 5.4 and 5.5, is increased
to the same extent as that of rolling is diminished.

*

Contrarily to rolling, bouncing is frequent in rockslides and in rockfalls as a neces-
sary consequence of the attained velocities and the unevennesses of tracks. Certainly,
Howe’s dictum (1909, 52) that in the Frank rockslide “... the movement of the indi-
vidual fragments consisted of a succession of bounds... the movement of the mass as a
whole suggested that of a viscous fluid...” requires comments in two respects owing
to the simple fact that eyewitnesses could see nothing but the surface of the moving
mass. So they saw the part where bounds were unhindered by any overthrust and where
a certain optical similarity with a flowing liquid did exist (s. Sect. 5.1 and 5.4). Never-
theless, any unevenness not razed off by a moving mass necessarily evokes a more or
less local taking-off to a more or less extended bounce. So bouncing may be consid-
ered as one of the basic means of locomotion in rockslides, all the more in rockfalls,
and it is worthwhile to have a closer look at its mechanisms.
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As long as a projectile has no contact with the ground, the acting forces, being re-
duced to gravitation and aerodynamic effects, are comparatively unproblematic. The
aerodynamic resistance or drag F, of a bouncing body follows Eq. 3.5 in which, of
course, the density of air (and not that of water) has to be used for d;. On this basis it
is easy to set up the differential equations describing motion. As in turbulent condi-
tions (amply valid, in terms of Reynolds numbers, for rapidly moving clasts in the
relevant size range from several centimetres to several metres) drag is quadratically
proportional to velocity v, its horizontal and vertical components likewise are
quadratically proportional to the respective components v, and v,. So they can be in-
tegrated separately in the form

dve _  __2ChA - N =

dt =ax = v"zazv Vx “.[axdt x—Jdet

dv 0, A 9)
dtz =a, =1v] 28:V g > v=fadt - z=[vdt

where the following notation is used: t: time; a,, a,: components of acceleration; c: drag
coefficient (in certain cases two values, ¢, and c,); A: sectional area at right angles to
vector of velocity (in certain cases A, and A,); d»: density of rock; V: volume of body;
g: gravitational acceleration; x, z: co-ordinates (origin: take-off point).

For the further work it is most important to estimate the influence of the main pa-
rameters (initial velocity vy and characteristic diameter D) upon the reach of a bounce.
In Fig. 5.10 this influence is visualised for a horizontal vector of vy, a rather normal
condition for a “jumping hill” resulting in considerably far bounces (a substantial
positive vertical component of velocity cannot be considered as a frequent occurrence,
and a negative one dramatically shortens its reach). Assumed is an approximately
spherical body (c= 0.5 when taking into account local irregularities), an altitude in
the range of 2000 m (d,~1.0kg m™), d,= 2500 kg m~, and g = 9.81 m s™% v, is cho-
seninanormal (50 m s™) and in an excessively high (100 m s™!) range, both combined
with diameters D of 0.01, 0.1, and 1.0 m. As a reference (and more than that, as will be
demonstrated), the respective trajectories in vacuum are shown.

A first important result is immediately conceivable: even at velocities around
100 m s”! for boulders larger than metre-sized air drag is almost negligible so that vacu-
um trajectories may be used. This is a very substantial advantage as instead of solving
step by step a set of non-linear differential Eq. 5.9, the straight-forward solutions

Ax =X - Xy = Vyot
(5.10)
Az=z-zy=v,t-05gt

readily yield the co-ordinates for any desired point of a trajectory (take-off conditions
are marked by the index “0”). In addition, except for utterly improbable cases (some
examples will be mentioned hereafter) calculations of reach are, in comparison with
those of other rockslide parameters, remarkably accurate. Reach is slightly overesti-
mated so that, in prediction, errors are on the safe side.

Besides trajectories as shown in Fig. 5.10, also those attaining the farthest possible
reach, as resulting from a certain (ascending) angle 3, of the initial velocity vector,
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Fig. 5.10. Influence of aerodynamic drag (altitude about 2 000 m) upon trajectories of bouncing blocks
(diameter D). Vacuum trajectories (dots and dashes) serve as a reference. Horizontal initial velocity
vpis 50 ms™! (a) and 100 ms™! (b). Distances and relative altitudes are in metres (note: a and b are at
different scales). A certain scatter of parameters has to be taken into account especially for D <1m
(sketch by Erismann)

are of particular interest. In a general form, the reach x of a vacuum trajectory is ex-
pressed by

2
x= ZVE(sinﬁl cos fB; + cos?f3; tan ﬁz) (5.11)
where B, is the (descending) slope angle. The equation
By =45°— 92—2 (5.12)

yields the condition of ultimate reach. To quote an example: replacing ;= o by
B1=31.72° in the case of Fig. 5.10 increases the reach of both vacuum trajectories by
almost 62%. Caution is, therefore, recommended in prediction if the take-off circum-
stances do not definitely exclude a positive vertical component of velocity.
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To pave the way for a reasonable approach to practical applications a critical re-
view of tolerated simplifications may be useful.

11. Neglect of compressibility effects in the air is justified as long as Mach numbers
(i.e. quotients velocity/velocity of sound) remain essentially below unity. For a ve-
locity of 100 ms™ this is definitely the case.

12. As far as bouncing velocities are sufficiently elevated, the influence of wind normally
can be neglected for metre-sized and larger blocks (by exception of heavy storms).

13. The reserve made in Sect. 3.3 with respect to the shape-dependent drag coefficient ¢
is equally valid in the present context. The resulting uncertainty, however, is con-
fined to small particles.

14. Slow rotation in bouncing (most probable around the transversal y-axis and stable
if occurring around one of the body’s main axes of inertia) in first instance in-
duces averaging of both A and ¢ which, in such instances, automatically are equal
in the directions x and z.

15. Aerodynamic lift, supporting the boomerang-like (i.e. curved) flight of a slab-
shaped particle, gyroscopically stabilised by fast rotation around a quasi-vertical
axis, hardly can be considered as an important factor since the conditions leading
to such an escapade obviously are rare enough.

16. In case of sufficiently fast rotation a non-negligible Magnus effect may be observed:
owing to the boundary layer of air being swept along by the rotating surface, an
aerodynamic force acting at right angles to both the vectors of velocity and spin is
generated. As a rule (i.e. in case of forward rotation around the y-axis), the result-
ing force is a negative lift and reduces the reach of the bounce (the resulting error
is on the safe side in case of risk prediction). Rotation around an essentially verti-
cal axis may result in a non-negligible lateral deviation; if so, both start or landing
azimuths cannot be extrapolated over the entire aerial travel.

So an accurate quantitative treatment as claimed above turns out to be valid within
the limits dictated by Items 11-16, and the essential results referring to aerial motion
can be expressed by two conclusions.

17. Even for velocities around 100 ms™ it is justified to base predictions on vacuum
trajectories. This is valid for large single blocks as well as for entire masses moving
coherently or, if disintegrated, in not too loosely packed state (allowing the forma-
tion of a common boundary layer of air carried along with the mass or parts thereof).

18.In loose disintegrated masses large particles bounce farther than smaller ones. A
tendency for a certain two-dimensional gradation (large grains concentrated in
distal regions and on top) is the result. For celestial bodies the density of the at-
mosphere (if any) has to be accounted for.

>*

So far,bouncing was considered as an individual phenomenon beginning by a take-
off from a jumping hill and ending with a landing. Very often, however, the phenom-
enon will not be terminated by such landing and rebounding will take place, an en-
ergy-recuperating mechanism definitely less appropriate for accurate calculation than
the bounce proper. The problem lies in the complexity of landing: an irregularly
shaped, possibly rotating body hits a ground that may be naked rock (approximately
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plane or uneven) as well as scree or unconsolidated soil. So it is nothing but natural
that the coefficients obtained from laboratory or field experiments range within an
extremely wide band and the correct choice for prediction may be a difficult task.

To obtain, from the known incidence data of a landing, quantitatively satisfactory
initial conditions for a subsequent rebounding take-off, at least two basic parameters
must be taken into account in a plane model (already simplified by neglecting lateral
effects). The first is the coefficient of elastic restitution as already used in Eq. 4.8, in
the present context expressed by

v

J= ‘_—5— (5.13)

P

where up is the component of velocity perpendicular to the slope in landing and vp the
respective component in starting to rebound (Fig. 5.11a). The second parameter basically
is the coefficient of friction u of a non-rotating body in a rebounding process. Assum-
ing that Coulomb’s rule is valid during the impact, the loss in velocity can be deduced
from the loss in momentum which in its turn is the product of y with the change of
momentum perpendicular to the ground. Written in terms of velocities (if the mass is
considered as remaining constant and thus can be left aside) this argument yields

vL=up - 1(vp-up) (5.14)

where, in analogy to the notation in Eq. 5.13, 4y and vy are the pre-impact and after-
impact longitudinal components of velocity. Of course, as up is negative, the bracket

Ve

Up u.

Fig. 5.11. Theory and reality in rebounding. a Non-rotating (or point-like) body in the moment of
collision with the ground. Circle: centre of gravity; u, v: velocities before and after collision; uy, up, v,
vp: longitudinal (index L) and perpendicular (index P) components of # and v. Note that both com-
ponents are reduced, longitudinally by a frictional shock during collision, perpendicularly by non-
elastic losses in the material. b Real clast, split into two by the impact. Despite the obvious differences
the theoretical approach, if adjusted in certain respects and reasonably interpreted, yields results
useful also for practical work (sketches: a by Erismann; b after Bozzolo 1987, 28, copy from serial
photographs taken during experimental rockfall)
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on the right side is the sum of the two involved absolute values. If the bouncing body
is rotating, ¢ has to be readjusted appropriately and even can, in case of a circumfer-
ential velocity exceeding uy, acquire negative values (the body being driven forth by
the angular kinetic energy).

Here a short excursion into the problems of repeated rebounding is useful. In look-
ing out for a description of falling which would be physically more plausible than that
deduced from Eq. 5.7, the possibility of a continuous sequence of congruent rebounds
on a plane slope was investigated. The result would not be worth even the abridged
description that will follow if there were not one point of particular interest. Three cri-
teria of congruence were postulated as initial conditions for two subsequent impacts:
equal values of up, equal values of uy, and the collision with the ground. The three equa-
tions set up on this basis were formulated to express the space of time At between two
consecutive impacts using J, i, the slope angle 3, and velocity up. The three results

J+1 J+1 ]
At=—uy 2=y I =gy T .
upgcosﬁ upygsinﬂ upgcosﬂ (5.15)
A B C

when equated in pairs, yielded yt = tanf3 (from A = Bin Eq. 5.15) and ] = 1 (from A = C).
The interesting point lies in 4 = tanf3: it makes evident that travelling through the air
is, in all, by no means more economic than travelling on the ground, at least, as long
as Coulomb’s rule holds good. Of course, an airborne body, besides the (more or less
negligible) aerodynamic drag, does not dissipate any energy; but in landing it is forced
to pay back every Joule it had been saving (s. also comments to Fig. 5.18).

To avoid misunderstandings, two remarks have to be made in this context. On the
one hand the conclusions drawn from Eq. 5.15 do not exclude rebounding on extremely
smooth slopes, i.e. in case of y > tanf}. A - probably rare, but not impossible - issue in
case of high restitution is the following one: some normal bounces may take place,
and each will cover the distance given by its initial conditions. At a certain landing,
however, the body will “declare itself bankrupt” in terms of motional energy: in lon-
gitudinal sense it will come to a rest before having made use of the entire braking
potential given by the impact, and, of course, before taking off for the next bounce.
Now on slightly inclined ground this take-off will be somewhat inclined so that a
minute displacement will occur in rebounding. If restitution is good enough for a se-
ries of such rebounds, a slowing down, bounce-by-bounce creeping will be the result.
Theoretically this motion never will stop, in reality it certainly will be arrested by (so
far neglected) non-linear effects. ‘

On the other hand, also serial bouncing as a current phenomenon in rockslides and
especially in rockfalls is by no means excluded. The condition to obtain, for instance,
the above-postulated congruent trajectories consists in replacing the plane track by a
conveniently undulated one. In such instances J = 1 no longer is a condition inasmuch
as part of the energy required in perpendicular direction can be taken from longitu-
dinal motion. The necessary consequence is that this energy is made available by pro-
viding u < tanf. Exactly this has been done in an interesting mental experiment which
will be presented in more detail under Item 24 hereafter. For the moment it may suf-
fice to remark that on steep slopes continuous bouncing is as normal as sliding and
rolling (in certain cases even more).
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Behind the simple model as used above - treatment of a particle as a mass point
and accounting for rotation by adjustment of the coefficient of friction - stands a far
more complicated reality. As mentioned above, the ground may consist of any mate-
rial; the shape of a (possibly rotating) clast as well as small unevennesses in the ground
(below the size perceptible in a map) can result in dramatic modifications of the ge-
ometry (Fig. 5.11b); the phenomenon as a whole can be significantly three-dimensional;
there may occur collisions with other particles of the rockfall or immobile obstacles.
So in prediction the determination of realistic rebounding parameters requires great
care both in estimating average values and scatter bands. In addition, details of for-
mulation have to be taken into account: figures presented in the literature may refer
to components of velocity (as in the present section) or to the total velocity; informa-
tion may be expressed in terms of energy instead of velocity, thus being proportional
to the square of the respective velocity; eventually, the energy lost may be used in place
of the energy restituted.

It would exceed the frame of this book if all hypotheses concerning the complex of
falling, rebounding, rolling, and also sliding (considered as a whole or in partial mecha-
nisms) would be presented and commented in extenso. Still it is considered worth-
while to exemplify different philosophies of approach by extracting from appropriate
investigations the respective lines of thought. Of course, the choice of examples mainly
was made with regard to the method used to attack a problem rather than the general
quality of a study. As a consequence other valuable publications remained uncited
(e.g. Azimi et al. 1982; Hacar Benitez et al. 1977; Habib 1976; Heierli et al. 1985).

21. Statham (1979), in the endeavour to establish a simple quantitative description of
the size effect observed (large clasts reach farther than smaller ones), consciously
renounced to present a physical explanation and concentrated work on the estab-
lishment of a handy algorithm expressing the observed effect with satisfactory
accuracy - a typical black-box approach,

22. Broili (1974) took advantage of the rare possibility to set up a series of full scale
experimental rockfalls at the very site of a large catastrophic event that, in the
outskirts of Lecco (Northern Italy), at the foot of Monte San Martino had killed
eight persons in 1969. Cameras located along the track gave the basis for extensive
evaluation; in hitting a scree after a blast-released, quasi-vertical fall of 210 m, the
clasts lost most of their energy; yet the remaining 14-25% sufficed to generate
rebounds up to 200 m long, followed (on a slope decreasing from 30-25°) by gradual
transition to rolling. An interesting detail: small particles rebounded farther than
larger ones, but finally were left behind in rolling.

23. Bozzolo (1987; et al. 1988), in addition to a careful analysis of the existing models,
investigated the role of details: cameras were placed so close to the tracks of rela-
tively small, though still realistic experimental rockfalls that (besides the occa-
sional destruction of a camera by a capricious clast) in certain cases three-dimen-
sional histories of individual impacts could be established, showing, for example,
that the rotation of clasts normally was too slow to grant a purely rolling contact
with the ground.

24.Campbell (1989) demonstrated in a two-dimensional, computer-based mental ex-
periment that under favourable conditions (8 = 40°, ] = 0.9, regularly uneven
ground, no resistance in longitudinal sense) a few disc-shaped particles near the
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ground not only rebound continuously, but also maintain a larger number of fur-

ther discs in a state of levitation. For similar conditions this approach is a good

example for the extraction of useful knowledge from a simple quantitative model.

Only in one point a certain criticism cannot remain untold: the pretence to have

proposed the “... only mechanism... that holds promise of accounting for all the

features attributed to long runout landslides...” (p. 664) sounds too optimistic in
view of the extremely favourable conditions chosen and the fact that long run-out

qualities mainly should work in the range o < §<10° (s. Sect. 5.5).

*

The fact that the mathematical treatment of bounces is one of the few problems in
rockslide dynamics in which the results obtained excel by an accuracy unknown in
questions of friction or strength, may be considered as a good reason to crown a mainly
theoretical discussion by the analysis of extremely spectacular real giant bounces. As
a matter of fact, in the Huascardn event (Sect. 2.7) boulders of up to 65 tons are as-
sumed to have accomplished aerial travels exceeding 1000 m, in particular cases even
4000 m. Therewith a particularly fascinating field for the application of Eq. 5.10 to
5.12 is opened. Under Heading 2.7 the phenomenon has already been considered, with
due reference to the important publications by Korner (1983, 97-99) and Plafker and
Ericksen (1978, 288-306), but as far as this was possible without using mathematical
means. So it will be possible to reduce the following discussion to the indispensable
line of thought.

First of all, it should be recalled that in the event of 1970 the mass, contrarily
to that of 1962, was not confined, between km 5 and 8 of Fig. 2.48, by Quebrada Ar-
mapampa but inundated a large area. So it makes sense to investigate this area for
possible take-off points not considered in the literature. Luckily enough, the excellent
map (scale 1: 25 000, contour interval 20 m) annexed to the book containing Kérner’s
study (ed. Patzelt 1983) makes it possible to do the work with reasonable accuracy
(Fig. 5.12).

Four sections were laid at locations offering a total of nine more or less appropri-
ate “jumping hills”. From each of these points two trajectories were aimed at the pe-
riphery of the village Huashau (partly damaged by boulders and spattered by mud).
According to Plafker and Ericksen the landing incidence could be assumed as being
between 15° and 30°. Hence a solution of Eq. 5.10 was seemingly impeded by the fact
that landing instead of take-off conditions were known. Yet, owing to the perfect para-
bolic symmetry of vacuum trajectories, “reverse aiming” could be applied: the equa-
tions were solved as if the projectiles were shot up the hill, from landing to take-off.
So, after calculating the parameters emanating directly from landing incidence and
Eq. 5.10, namely total time and landing velocity, it was easy to get at the initial condi-
tions by applying said equation appropriately.

To assess the plausibility of the 18 trajectories thus obtained, it is useful to com-
pare the velocities required for take-off (v;5 or v, the indices referring to the respec-
tive angles of incidence at landing) with those after the preceding descent. Thereby,
in spite of being highly improbable, an absolute maximum of physically imaginable
velocity, distinctly higher than that obtained in Sect. 2.7, was admitted. The altitude of
3800 m was attained by the centre of gravity of the mass after a displacement of about
4400 m in horizontal and about 2100 m in vertical direction (Fig. 2.48: km 0-4.2 and
altitude 5 900-3 800 m). If, anticipating the deductions of Sect. 6.3 and assuming an
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Fig. 5.12. Map showing locations of possible giant bounces half-way in the Huascardn event (complete
map in Fig. 2.48). Corresponding sections are aligned thereto. Dashed lines: area overrun by debris.
Circles: possible points of take-off, culmination, and landing (periphery of Huashauy). Triangles: landing
points. Ax, Az: horizontal and vertical bounce distances (m). vys, vy take-off velocities (ms™) corre-
lated with landing incidence of 15 or 30°. Horizontal division: 1 km (sketch by Erismann)

incredibly gentle energy line with y = 0.15 (averaged) despite the massive energy loss
in the transition from quasi-vertical falling to sliding on a reduced slope, the potential
energy at the considered point is given by a level difference of 2100-660 =1 440 m cor-
responding to a velocity of 168 m s™'. Taking into account the assumptions made (ne-
glect of drag, limitation of reach to the periphery of Huashau), it becomes evident from
the calculated results (Fig. 5.12) that the largest bounces of 3 450 and 2720 m could not
have occurred, scarcely those of 2110 and 2170 m. Here an additional factor has to be
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considered: at 168 m s™* the aerodynamic drag is more than 2.8 times that at 100 m s~
so that, in spite of the density reduced by a factor 3: 4 when passing from 2 000 m to
the range of 3000-4 000 m, the drag is still more than twice that of Fig. 5.10b. In such
instances it becomes obvious that no bounces in the range of 2 000 m length can have
been accomplished; and the last critical arguments - that there is no guaranty for the
required positive take-off angle and that in the velocity range of 200-400 ms™ sim-
plification of Item 11 no longer holds good - may be left in the quiver.

In Sect. 2.7 it already has been shown that acceleration by the Venturi effect in a
funnel is not a practicable way to make plausible exorbitant velocities. A further ex-
planation might be found in Sect. 5.7 under the key word “kicking”. In fact, a compara-
tively small block may be accelerated to a remarkably high velocity by the impact of a
larger one. However, the size of numerous boulders found in and around Huashau
excludes the faintest hope for the coming true of this hypothesis.

The more arguments are considered, the clearer it appears that opportunities of
shorter bounces merit a closer inspection. And a look at Fig. 5.12 shows, as it is, that
there are plenty of possible jumping hills allowing a bombardment of Huashau from
distances not exceeding 1500 and even 1000 m. So the velocities required may range
(by one exception in which an almost straight trajectory of 1250 m is the condition
for a landing incidence of 15°) between approximately 9o and 130 m s™..

Is it illogical, in such instances, to consider the total absence of “super-bounces”
beyond 1500 m and of velocities beyond 130 m s™' as the most probable solution?
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5.4
Unlubricated Sliding

In current engineering practice unlubricated friction between coherent sliding bod-
ies normally is treated according to Coulomb’s rule. In other words: it is postulated
that the resistance opposed to a sliding motion be proportional to the compressive
force acting at right angles to the contact surface. Thus the factor of proportionality
(the coefficient of friction) is assumed to be constant, i.e. depending only on the char-
acteristics of the contact surfaces (material, rugosity, etc.), but independent of load,
relative velocity, and time (or relative distance travelled). An exception characterised
by a substantial increase of resistance (a ratio 2:1 not being considered as exception-
ally high) is tolerated for zero velocity.

This “zero-velocity effect” may have different causes, ranging from interlocking as-
perities (Sect. 3.2) to the absence of a spontaneous lubrication by an almost ubiqui-
tous microscopic layer of water. It goes without saying that the first-mentioned mecha-
nism has a good chance to prevail in connection with surfaces of rock: as soon as even
a minute amount of kinetic energy is available, the moving mass acquires, in addition
to the forces driving a body ahead, an increased ability to deal with all sorts of obsta-
cles. Some of the rare rockslide masses released on soft slopes excel in being provided
with a ready-for-use “prefabricated” track like those of Gros Ventre and Rossberg
(Sect. 3.1; Alden 1928, 347-349; Heim 1932, 156-159).

*

In resuming the discussion of Coulomb’s rule, it is essential to face the fact that the
mentioned proportionality, though resting on a solid basis of experience, for a long
time had no theoretical background reducing it to more fundamental physical prin-
ciples. This made questionable its application to new circumstances. Therefore a short
excursion into some general problems of tribology may be useful. Most of the research
in this field is centred around technological problems as encountered in the develop-
ment of bearings, guiding facilities, brakes, etc., i.e. devices designed on the basis of
well-machined metallic or plastic materials in which asperities are described in mi-
crons and not in centimetres or metres as in case of rock. One might, perhaps, be
tempted to try a fractal approach in order to transpose results from a microscopic to
a giant scale. It has, however, to be taken into account that such an approach works
only if the basic mechanisms remain similar and - at least in principle - only have to
be adjusted to an appropriate scale. The above-mentioned example of a similar effect
being due to macro-interlocking and poor micro-lubrication shows that caution is
required: it has to be made sure that similarity refers to the mechanisms as well as to
their perceptible effects.

In such instances several tribological publications have been combed through for in-
formation promising a useful application in understanding the background of Coulomb’s
rule (if at all valid) and of other mechanisms occurring in unlubricated sliding of rock.

That two congruent blocks, when sliding side-by-side along equal tracks, will un-
dergo twice the resistance of a single one, is nothing but trivial. In this particular con-
text the message of Coulomb’s rule can be expressed by saying that the total resistance
remains equal if the two blocks are moved on top of one another instead of side-by-
side. Somehow, similar conditions of resistance must exist to fulfil this postulate. The
basic idea of an explanation for technical materials consists in the assumption that, as
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Fig. 5.13. Effects of crushing. Contact points of asperities, both on the ground and the moving mass,
are crushed when reaching material’s critical stress. Hereby they are adjusted to their counterface (a, b);
stress is near to critical. As long as subsequent sliding lasts, track-making by smoothing of surfaces
occurs. Any fragments caught between ground and mass may be crushed to sand by the wedging
effect of a very acute angle (a); they also can be pushed forth in case if a near-to-right angle (b); crush-
ing even can occur where space, though far from allowing direct ground-to-mass contact, narrows
down sufficiently to force a load-bearing role upon fragments (c). Typical fracture by transverse ex-
tension under compression is shown in horizontally hatched piece (c). All mechanisms may occur on
various scales, thus not being confined to coherent state of mass (sketch by Erismann)

no surface can be made perfectly smooth, contacts always consist of asperities, locally
smoothed down to contact patches by deformation under compressive stress. So an in-
creased load in first instance means more and larger patches and not a higher stress. This
idea probably was first introduced by Bowden and Tabor (1964, 1973) who considered u as
afunction of shear strength and hardness. It was applied by many authors (e.g. Czichos
1968, 1971; Heilmann and Rigney 1981). A compact formulation is found in a summary
by Rigney et al. (1984, 195): “... deformation changes the near-surface microstructure in
ways which make the material unstable to local shear. This in turn produces transfer of
pieces of deformed material which are... mixed with counterface material... to produce
ultrafine-grained material” Now rapid deformations of rock cannot be expected to at-
tain an order of magnitude as in metals or plastics. But in rock there is an equivalent
mechanism distributing a given force over an automatically adjusted area consisting
of contact patches under a clearly limited stress. This mechanism is crushing.

In fact, as soon as the compressive stress exceeds the strength of the material, crush-
ing - as presented in Eq. 5.8 for the case of cylindrical rollers - locally destroys the
coherence of the rock, the fragments partly are driven aside, and the geometries of
the two involved surfaces acquire a better reciprocal adjustment (Fig. 5.13). The result
is a contact patch with near-to-crushing stress distributed more or less evenly. Of
course, this process, owing to the continuous relative displacements in a rockslide, is
highly variable so that said patches perpetually change size, shape, and number. It is
not excluded that this fact even improves the integral result by the averaging effect of
incessant parameter variation. Anyhow, it becomes plausible that in rock-on-rock slid-
ing the simple mechanism of suppressing stress maxima by crushing creates relatively
even frictional conditions. This is a strong argument (though not an unquestionable
proof) at least for an approximate validity of Coulomb’s rule.

*

To acquire a somewhat more detailed idea of what happens between the ground
and a moving rock mass, it is opportune to recall the collisions treated in Sect. 4.2 and
the modes of dealing with obstacles discussed under Heading 5.1.
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In fact, two of the modes shown in Fig. 5.5 entail an acquisition of additional mate-
rial by abrasion, and all three may result in acceleration of certain involved masses.
Mode a means abrasion of asperities and their acceleration, as a rule, from zero to the
velocity of the mass. Mode ¢ turns out to be very similar if inverted (as mentioned in
Sect. 5.1) to a system with an asperity moving with the mass and scraping the ground:
again there is first a (rather rough) abrasion, then acceleration. Mode b is somewhat
different not only by the fact that no additional mass is acquired: the local jumping
hill of the obstacle slightly decelerates and deviates a series of particles, thus shoot-
ing them, so to say, into the disintegrated mass where the obvious incongruence of
velocity vectors (in length and direction) with the surrounding portions of the mass
rapidly is annihilated by an immediate sequence of collisions (if the angular differ-
ence is small, the situation is very similar to that of the mental experiment of Fig. 4.5).
Finally any loose material trapped somehow between ground and mass may (not must)
be detached from one of the surfaces at the expense of kinetic energy, and it may (not
must) be accelerated up to the velocity of the moving mass, for instance in a situation
as shown in Fig. 5.13b. Anyhow, it becomes clear that at least two mechanisms have to
be considered in the seemingly so simple field of unlubricated sliding: dissipation of
energy by disintegration and by acceleration.

*

The basic parameter for determining the energy of disintegration is the area of sepa-
ration. Seen from this angle it is obvious that a more or less clear cut as can be ex-
pected for mode a (Fig. 5.5) cannot dissipate a large energy, especially not in a brittle
and possibly stratified material not exempt of residual stresses. So the interest is con-
centrated in first instance on crushing and similar mechanisms in which parts of a
mass are disintegrated to small fragments thus yielding a large total area of separa-
tion. If, for example, a volume AV is disintegrated into cubes with a side length AL,
said area is 3AV/AL. The energy required to effectuate the separation is not easy to
determine. In their comments to the consequences of the large collision having oc-
curred in the event of Kofels (Sect. 2.4), Erismann et al. (1977, 82, 89-91), have used the
specific energy of separation G that can be deduced from the fracture toughness
(Sect. 3.2) and the elasticity of a material. For Kofels this energy was found to be in
the range of 100 N m™'. Of course, kinetic energy cannot crush rock without losses
which, as known from the poor efficiency of cement mills and other technical instal-
lations, are far higher than the net energy of separation; so G has to be multiplied by
a factor of “ineffectiveness” k > 1 to obtain the energy per unit of separated area. Even-
tually, it appears useful to refer the energy to the volume V of the moving mass. So
the specific energy of disintegration

27— 3gk=2L .16
Gk (51)

is obtained. Essentially this lost energy is independent of velocity.

For commenting on the equation it is useful to consider the availability of the pa-
rameters. G can be determined as a parameter of the material. AV/V =Am/m, the
relative amount of disintegrated mass, and AL, so to say the degree of disintegration,
are the main parameters which in some cases can approximately be estimated post
eventum (a forecast is practically hopeless). The remaining parameter, dimensionless k,
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is definitely the weakest link in a chain not excelling in well-known figures. A first
determination was attempted in the just-mentioned publication about Kdéfels (p. 91),
and an ineffectiveness 167 > k > 125 (efficiency below 1%) was estimated. In the fron-
tal collision as observed for Kofels the situation was, of course, not identical with the
one considered here, and certain facts (frictional energy losses not separated from
crushing in the evaluation; residual kinetic energy) point to a lower k in the present
context. The question, however, is whether “lower” means a division by 1.5 or by 15. All
in all, predictions with the present knowledge of parameters are more than risky, and
a realistic experimental determination is not an easy task.

Despite this serious deficiency, the value of Eq. 5.16, owing to its transparency, is
higher than might be expected. At least a tentative estimation of a loss described as
“very high” may perhaps be dared. With G =100 Nm™, k =100,and AV/V =o0.01 (a
definitely high figure for the material between the sliding surfaces) AW/ V =300/AL
results for the specific energy. For normal rock in cubes of 10 mm this corresponds to
a lift of about 1.2 m against gravity, for cubes of 1 mm ten times more, etc. So the im-
portant statement can be expressed that a significant loss in kinetic energy requires a
rare coincidence of parameters: a very high value of AV/V and a very low one of AL.

To complement the line of thought, it is useful to throw a side-glance at the
granulometric aspects. Above all, it is obvious that a mass consisting of equal-sized
cubes is not a realistic model as sizes necessarily vary within a considerable range.
Asperities not are watchmaker’s tools generating fine grain right from the start. On
the contrary, most of the fragments are broken out in not too small portions of vary-
ing sizes. Their subsequent fate depends on the individual situation: if they are caught
in a wedgelike space preceding one of the patches of contact, the chance of being milled
to fine debris is high (Fig. 5.13a); if, contrarily, they are pushed along by non-wedge-
like elements (e.g. owing to the almost right angle at the head of a patch, Fig. 5.13b),
they may subsist in their original form throughout the entire travel; a third possibil-
ity is getting into a space too narrow to preserve them from being strongly compressed
so that they are forced to play either the part of a transient patch locally subjected to
crushing (Fig. 5.13¢) or that of a short-lived bearing roller in the sense of the remarks
made under Heading 5.3 (though not necessarily as stilted as shown in Fig. 5.9e for a
particular case). Anyhow, the rock volume crushed to fine debris necessarily is sub-
stantially smaller than that broken off the respective surface. On the other hand the
fact has to be taken into account that severely disintegrated portions are the main
suppliers of area of separation.

*

The main difference between the mechanisms according to modes a and c in Fig. 5.5
lies in the solidity of asperities. In mode a they are cut away more or less in a single
stroke; in mode c they subsist and generate a groove as long as allowed by the circum-
stances. The higher amounts of involved material and energy in comparison with
mode a are immediately obvious. So, if aiming at explanations for the coefficients of
friction known from field evidence, there is no getting round the mechanism of scrap-
ing which necessarily is frequent and thus challenging to attempt an estimate of its
possible decelerating potential.

Though evasive to exact calculation owing to the lack of detailed knowledge of
mechanisms and parameters, scraping still offers the possibility of quantitative ap-
proach. Figure 5.14 shows a simplified model. As, of course, a scraping asperity is far
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Fig. 5.14. Schematic view of resistant asperity scraping surface of weaker ground. Asperity (hatched)
is a paraboloid, in figure cut at ground level for better visibility (extension marked by dots and dashes).
For dimensions of asperity see groove behind it (B: breadth: H: depth). A,/ 2: ground-parallel half-
area (back half of asperity, being located in groove, transmits no forces); A,/2: cross-sectional half-
area. F: total force. For two reasons component F), perpendicular to ground, is larger than forward-
acting F,: material is kept together by surrounding rock,and A, is larger than A,. Black dots: fragments
of ground (for better visibility only a few are shown) (sketch by Erismann)

from having the shape of a plough or a file-tooth, it is represented by a segment of a
rotational paraboloid, forced to generate in its counterface a groove of width B and
depth H. The resulting fragments (some of which are shown in the figure) are pushed
into the (by assumption, not by necessity, sufficiently extended) space between ground
and mass; several may find their way to the groove. To obtain a maximum of deceler-
ating force it is further assumed that the entire overburden exclusively is supported
by various contact surfaces of mode c.

The components F, (at right angles to the ground) and F, (parallel to the ground)
of the total force F exerted by the overburden must create stresses which, at least lo-
cally, exceed the strength of the material. Such strength, however, is not equal in the
two directions - not only owing to the (most probably surface-parallel) stratification
of the rock but also owing the freedom of removal of fragments. This freedom is more
effectively barred for F; (coherence with unloaded half-segment behind; larger dis-
tance to surface) so that a somewhat higher critical stress can be expected. In addi-
tion, half-circular area A in the plane of the surface is larger than sectional area 4, at
right angles thereto (normally H < B/ 2 may be expected). So it becomes obvious that,
after integration of stress over the respective area, definitely F, turns out to be larger
than F,, yet without exceeding its order of magnitude.

The resulting total amount of braking forces may cover a wide range. For the indi-
vidual contact a very rough estimate of the “local coefficient of friction” F,/F, just has
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been formulated. Thereby also 1, as being the average of all involved contacts X.F,;/ X F;
(i = ordinal number of contact), must be in the order of magnitude of, but definitely
below, unity. In other words: scraping as dominant mechanism suggests a rather high
coefficient of friction. Contrarily to crushing, it amply can suffice to account for fric-
tion as known from field evidence. It is not pretended, however, that therewith the
unique candidate for the purpose is presented.

In parentheses it should, perhaps, be recalled that simplified models never can cover
the diversity encountered in nature. Here an example in the context of scraping: if the
material consists of a relatively soft matrix with hard inclusions, breaking out such an
inclusion means nothing but paving the way for the next inclusion to start scraping
after abrasion of some material of the matrix. And, of course, no intermediate modes
between a and c (Fig. 5.5), as dictated by the participating materials, can be excluded.

*

Energy lost by accelerating additional masses (Fig. 5.5a and inverted c) is easily
analysed when applying Eq. 4.5 to 4.8 with the required adjustments to be compat-
ible with Eq. 5.16. For acceleration from zero to the accordingly reduced velocity of
the mass and no elastic restitution (J = o, as compulsory for the additional mass Am
being absorbed by the mass m) the velocity after a collision is

m 17
— e ~ v '1

m+am “V+Av (517)

and the dissipated energy

2 2 2
Am u° VAm u
Aaw =4 _mam_ U =LA )

Imiam 2v+iav 2" (5.18)

where u is the velocity of the mass before the collision, m and V the moving mass and
its volume, Am and AV the additional mass and its volume. In principle the last equa-
tion needs no comment: it simply makes clear that the dissipated energy is propor-
tional to the square of the velocity of the mass. Comments are only required to the
approximations following the right side of the equation. The first is based on the as-
sumption that the densities of V and AV are approximately equal; the second is valid
if AV in a rough approximation can be neglected in the denominator. Finally it should
be remarked that - especially in mode ¢ - AV is not the result of one single collision;
but the mathematical character of the equations allows merging of several collisions
as long as no other essential influences intervene.
*

The case history of a fragment in detour-generating mode b (Fig. 5.5) can be reduced
to the following two phases: (1) change of velocity and direction of the fragment by ob-
lique collision with an unyielding obstacle and (2) multitude of direct and indirect colli-
sions within the disintegrated mass, finally establishing an approximately equalised ve-
locity. According to the arguments of Sect. 4.2, phase 1 applies an “injection” of exter-
nal kinetic energy, partly opposed to that of the mass and thus reducing it. Phase 2 does
nothing but reduce the internal kinetic energy. As both phases - in particular the es-
sential phase 1 - follow the momentum theorem, it needs no further explanation to show
that from this phase a loss of energy proportional to the square of velocity must result.



5.4 + Unlubricated Sliding 199

The amount of this loss depends on the particular circumstances of the series of
collisions occurring while the mass passes the obstacle. And the number and variety
of physically relevant parameters are large enough to qualify the calculation as a hope-
less gamble. Still once more a reasonable qualitative estimate of a maximum is not
excluded. It must, in fact, be considered as an extreme case if the mentioned “injec-
tions” over the whole length of a mass occur perpendicularly to the velocity vector
of the mass (normally the formation of a softer jumping hill by tailbacked fragments
must be expected as insinuated by the stained area in Fig. 5.5b). In such instances
the particles colliding with the obstacle are re-accelerated from zero to the velocity
of the mass as if they were external particles hit by the mass. This means that Eq. 5.17
and 5.18 may be applied (obviously, to be correct, V + AV should be replaced by V,
and V by V- AV if AV is the volume involved). And in extreme cases - e.g. a mass
reduced in thickness by spreading and several consecutive obstacles covering its en-
tire width - AV, being more than once the entire layer of colliding fragments, may rep-
resent a percentage of the mass that no longer can be considered as ranging near to
negligibility. The combination of spreading and uneven ground turns out to be an
efficient brake: let AV be 0.1V, and the loss in velocity will be 10%, that in (external)
kinetic energy 19%.

*

The consequences of processes according to modi a, b, ¢ (Fig. 5.5) are not confined
to disintegration and braking. There is, for instance, the complete eradication of the
relevant asperities. There may also, as an intermediate state, be the saturation with
fragments of the space between coherent or quasi-coherent mass and ground whereby
fragments support more of the overburden than the remaining rudiments of asperi-
ties (if any). Figure 5.13c can be interpreted as the beginning of this process that fi-
nally leads to layers of finer and finer debris, within which a sliding surface is estab-
lished according to the principle of least resistance. Anyhow, there is a general ten-
dency of smoothing or, in other words, of track-making. Impressive field evidence is
readily available. Where in Fig. 2.25, 2.26b, or 4.6 can be found asperities apt for forced
displacement or able to force parts of a mass into a detour?

It is by no means insignificant that the events from which the just-mentioned pho-
tos were taken, Flims, Langtang, and Kéfels, belong to the cubic-kilometre class. In
fact, track-making underlies a strong size effect. A large mass, as usually being thicker
than a smaller one, exerts a higher average pressure upon the ground, thus generat-
ing more and larger patches of contact which play the part of a carpenter’s bench or a
grinding machine. And a large mass, as usually being longer than a smaller one, ex-
tends the work over a longer distance.

Once the key word “size effect” having emerged, the further size effects occurring
in unlubricated sliding should be enumerated. So it will be observed that both in
Eq. 5.16 and 5.18 the mass-specific dissipated energy AW/m is proportional to the
specific involved mass Am / m. Now in a surface of given unevenness the volume avail-
able to act as Am is given by number and size of “workable” asperities. And this maxi-
mal volume is proportional to the area of the surface. This means that, when assum-
ing equal unevenness and complete abrasion of asperities, m grows with the cube of
linear extension, Am only with its square. This “area-to-volume” rule already has been
commented in connection with release. While, among the examples presented in
Sect. 3.2, rather the comparison of elephant and daddy longlegs was appropriate, this
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time it is that of skiff and crew of eight. Of course, as in the example the rule is not the
unique criterion (owing to wave development, Reynolds number, presence of a cox-
swain), also in a rockslide other effects cannot be neglected (to quote only that of the
immediately preceding paragraphs: size effect by track-making). And, to close the
comment on this ubiquitous rule, its applicability to obstacles generating detours is
as good as in case of dealing with additional masses.

*

All in all, the considerations so far made, in spite of inherent deficiencies in the
knowledge of mechanisms and, above all, parameters, clearly show some fundamen-
tal possibilities and limits of interaction between the ground and a descending mass.
The consequences are obvious.

11. Provided that rock-on-rock sliding mainly occurs on a contact surface consisting
of a multitude of protruding patches continuously readjusted by crushing (and
relative displacement) and thus compressed by a near-to-critical stress, Coulomb’s
rule makes sense without being proved conclusively.

12. A reasonably accurate calculation of the energy lost by the mechanisms commented
hereafter under Items 13,14, and 15 is not possible owing mainly to deficient knowl-
edge of parameters.

.Energy lost in crushing or scraping off mass portions is essentially independent of
velocity. If originated by crushing, it hardly can exert a noticeable braking effect; if
originated by scraping, it can account for a substantial part of the total resistance
against motion.

14.Energy lost in accelerating crushed and scraped off mass portions is essentially
proportional to the square of velocity. It hardly can exert a noticeable braking ef-
fect.

15. Energy lost by obstacles forcing parts of a mass into a detour is essentially propor-
tional to the square of velocity. It can account for a substantial part of the total
resistance against motion.

16. There exists a general tendency to track-making by disintegration and an univer-
sal presence of size effects reducing resistance against motion (and thus increas-
ing velocity and reach) in large events.

*

Probably the most important result of the present section consists in the statement
that, as long as no further mechanisms have to be taken into account, Coulomb’s rule
gives a reasonable basis for a quantitative treatment of unlubricated sliding. If expres-
sions like “makes sense” have been used instead of sheer affirmations, it was done in
the intention to stress the fact that the statement cannot be considered as being proved
for rock in a scientifically unquestionable manner. Especially the setting up of labo-
ratory-scale experiments meriting the qualification of being realistic in the optics of
a rockslide is an extremely difficult task. And experiments conceived (and useful) for
other purposes seldom are conclusive in the context of this book. A typical example
is a study by Lajtai and Gadi 1989, who investigated the dramatic increase of 1 on ini-
tially polished granite surfaces during a short-stroke to-and-fro motion.

Nevertheless the practical suitability of Coulomb’s rule is backed up by more than
the frequently negligible contribution of velocity-bound resistances. Strangely enough,
it is an intrinsic deficiency (if this term is acceptable for a quality opposed to easy

s
w
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quantification) of unlubricated sliding that improves the chances of Coulomb’s rule.
This deficiency lies in the fact that, in spite of being quasi-independent of velocity,
resistance is not constant, be it owing to frequent changes of physically relevant condi-
tions, be it owing to the track-making effect that grows under constant conditions.
So, even in cases where unlubricated sliding definitely is the dominant mechanism, pt
has to be considered as a function of distance, if not of velocity. As a consequence,
calculations anyway should be carried out after division of the track into appropriate
sections, and any complementary information should be accepted as helpful to estab-
lish reliable reference data. An important example is the evaluation of bounces to de-
termine velocity at the location of take-off (Sect. 2.7, 5.3). And such complementary
information, as will be shown hereafter, can be a means to simplify the differential
equations of motion.

When using nothing but Coulomb’s rule, the basic differential equation of displace-
ment - which yields velocity in a first and distance in a second integration over time
- is applied in its simplest form

a=g(sinf - pucosP) (5.19)

where a is acceleration, g gravitational acceleration, f3 the slope angle, and pEthe coef-
ficient of friction. A resistance influenced by non-negligible accelerations (be it by
incorporating additional masses, be it by making detours) depends, in addition, on
the square of velocity v and a coefficient ¢, expressing the circumstances of accelera-
tion (as given, for instance, by the accelerated mass per unit of time and the amount
of its acceleration). Normally in the resulting equation

a=g(sinf- tcosP) - c,v* (5.20)

the second term on the right side, though not negligible, is definitely smaller than the
first, and the equation has to be solved only over a restricted time. If in such a case
the second term is substituted by an increased value of i approximately accounting
for its presumed average, the resulting errors, expressed in terms of velocity and dis-
tance, very often will be tolerable. It is well understood, by the way, that the differ-
ences between the curves labelled N and Q in Fig. 5.6 and 5.7 represent an incompa-
rably higher degree of diversity: N follows Coulomb’s rule while Q stands for an ex-
clusively quadratic dependence on velocity, not a partial one as in Eq. 5.20.

In the literature various steps in the insinuated direction do exist. Kérner (1976,
235-237, 1977, 1983, 96-101), assuming analogies with snow avalanches and considering
the fundamental work of Voellmy (1955) as well as studies by other authors (e.g. Salm
1966; Scheller 1970; Scheidegger 1973), excluded as negligible a further (v-proportional)
term in the differential equation, and thus obtained a result analogous to Eq. 5.20.
Among those who adopted Kérner’s method, Nicoletti and Sorriso-Valvo (1991, 1372-
1373), in discussing the effect of geomorphic shape upon the reach of rockslides, in-
troduced the useful notions of low, medium, and high energy conditions which defi-
nitely merit an extensive application. A detailed assessment of the problems thus raised
would exceed the frame of the present section, but the complex of questions will be
resumed in the light of practical aspects in Chap. 6. So, for the moment, the above ar-
guments may suffice.
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Nevertheless, one particular example appears to be of some use in the present con-
text. It demonstrates, at the end of this section, a fundamental principle that directly
can be deduced from Coulomb’s rule. In considering possible analogies between the
motion of rock masses and liquids, one of the authors (Erismann 1979, 20-21) investi-
gated the implications of a mode of displacement resembling laminar flow.It is a tempt-
ing task to repeat the respective argument without the use of equations, just on the
basis of a simple illustration (Fig. 5.15).

Assume the descent, on a slope, of a long (virtually “infinite”) mass consisting of
many layers. To fulfil the essential conditions of laminar flow, each layer should move
somewhat faster than that immediately below it, and the distribution of velocity should
be a quadratic one, having its apex at the ground (in the following this distribution is
insignificant and therefore not respected in Fig. 5.15). Now let the coefficient of fric-
tion at each sliding surface be 1, by one single exception where the friction is slightly
reduced to i — Au. Finally assume, for the sake of simplicity, that the driving forces
exceed the braking forces so that motion is accelerated throughout the mass. As long
as Aptis nought, an account of the frictional forces (driving from above, braking from
below) yields for each layer a braking total exactly equalling its frictional braking force
when descending alone directly on the ground. Together with the gravitational driv-
ing force of the layer the resulting acceleration a is equal for all layers. Keen readers
certainly have observed that this statement is valid irrespective of the thickness of a
layer. If Ajiis introduced, the layer i, on top of the “privileged” sliding surface acquires
a slightly increased acceleration a + Ag, the layer i_ below it an accordingly reduced
one, a - Aa (ag,, Fig. 5.15). Consequently, sooner or later layer i, will equal the veloc-
ity of the next layer i,, on its top, i_ that of i__ below its bottom (v, Fig. 5.15). Once
moving at equal velocity, each pair of layers will stick together as any difference of

Fig. 5.15. “Rule of lowest 1 dominance”. Six layers 1-6 of disintegrated material in originally quasi-
laminar descent (for the sake of simplicity initial velocity distribution v, linear instead of quadratic).
Sliding surfaces have equal coefficients of friction u, except i - Ay at half-thickness (bold line). Re-
sulting acceleration ay, is reduced for layer 3, increased for layer 4 until velocities equal those of 2
and 5 respectively (velocity distribution v,). Now pairs of layers 2+3 and 4+5 are exposed to y-Au
(accelerations a;,) so that finally only two blocks of layers (velocity distribution v,) are formed (for
comments s. text) (sketch by Erismann)
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velocity immediately would entail correcting frictional forces. And as increase and
reduction of accelerations have been acknowledged as independent of layer thickness,
both pairs of layers will continue the game (a;,, Fig. 5.15). So the final issue is only a
question of time: two blocks of coherently moving layers, separated by the sliding sur-
face with the reduced coefficient y - Au (v,, Fig. 5.15).

From this almost trivial deduction it becomes obvious that, as a stable mechanism
within a disintegrated moving mass, the possibility of laminar sliding is reduced to
absurdity. This result is in agreement with the various observations of field evidence
confirming preservation of the initial sequence of materials in rockslides as expressed
in the motto of this chapter and commented under Heading 5.1: laminar sliding nec-
essarily would entail a reversal of sequence.

Of course, this “rule of lowest u dominance” may appear somewhat theoretical when
confronted with the seemingly chaotic processes going on in a rockslide. Yet a ten-
dency in the postulated sense is inevitable as long as Coulomb’s rule is dominant in a
moving mass. And how could a surface acquire such impressing privileges as shown
in Fig. 2.25 and 2.26b if there were no powerful rules of dominance?

In parentheses it might be added that the local development of a quasi-laminar
disintegrated motion is nothing but natural in certain circumstances. A striking ex-
ample is shown for Kofels (Fig. 2.20), and similar mechanisms are at least probable
for Flims and other large events having passed across a valley (Schneider et al. 1999).
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5.5
Lubrication

Lubrication is essentially a technical term. It describes the reduction of frictional re-
sistance by introducing a third medium (the lubricant) between the surfaces of two
bodies displaced with respect to each other.

This definition offers the advantage of leaving open the technological details of the
lubricant and the very mechanism of economising frictional energy. In fact, technical
bearings - in many cases rotational - display a wide variety of different solutions: the
lubricant may be aliquid of high or low viscosity (e.g. oil or water), a gas (air or other),
a near-to-liquid or otherwise particular solid (grease, graphite), and it may be kept in
place either by its own coherence (oil, grease) or by means provided ad hoc (hydrau-
lic pressure, sealings). In addition, a lubricant may modify its character in service (re-
duction of viscosity due to frictional heat) or even be generated from at least one of
the involved bodies by such a modification (self-lubricating materials).

The hypothetical possibilities of lubrication in rock motion are almost as many-
sided as in technical applications. In considering the proposals hitherto made for lu-
bricants (water, snow and ice, mud, clay, air, dust, etc.) and for their genesis (from ex-
ternal sources or, by abrasion or frictional heat, from the rock involved) one is tempted
to use “Water” for liquid, “Air” for gas, “Fire” for generation by heat, and “Earth” for
solid and thus to subdivide the four most important groups of mechanisms accord-
ing to the four classic elements postulated by Empedocles.

Before going into the details of these mechanisms, it is useful to recall the funda-
mental preconditions of effective lubrication, starting again from a technological view-
point. One of the main problems in optimising a technical lubricant consists in the
inherently conflicting requirements as concerning viscosity: on the one hand, viscos-
ity should be low to minimise the resistance in the relative displacement between the
involved bodies; on the other hand, it should be high to reduce its rate of escape from
the gap between the bodies to locations of lower hydraulic pressure. Besides the choice
of the lubricant, various technical means are used to overcome the problem. They range
from sophisticated handling of the indispensable pressure gradients within the sys-
tem (example of non-rotating bearing: Erismann 1989, 278-280) to forced lubrication
by a pressurised lubricant (example with air as lubricant: Hovercraft vehicle), often
in combination with appropriate sealings.

Hereafter an additional observation will turn out to be useful. In certain cases of
forced lubrication the lubricant does not entirely separate the two bodies and thus
bear the entire load. In such load-sharing forced lubrication most of the load is sup-
ported by the pressurised lubricant, the rest by surface-to-surface contacts. In paren-
theses it should be remarked that the advantage drawn from this hybrid technology
consists in simple positioning and sealing obtained at the expense of slightly increased
friction.

As a consequence, assessing natural lubricating systems means the study of lubri-
cant supply and escape and, if possible, the establishment of a quantitative balance
between both. The term “supply” stands for the entire mechanism (or set of mecha-
nisms) required to locate the lubricant in the free space between the bodies.

Lubrication is particularly important in cases of long run-out, i.e. in connection
with low positive (or even negative) slope angles. Therefore in the present section
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equations, as far as connected with slope, are simplified by formulation for horizontal
track. Errors committed in practical use are of marginal importance on soft slopes.
*

Not many key-words are more frequently used in connection with downhill mass
movements than “Water”. Sometimes it seems that - in spite of Terzaghi’s unmistak-
able warnings (1950, 91: “... water in contact with many common minerals... acts as
an anti-lubricant...”; 94:“... in no event can the slide be explained by the ‘lubricating
effect’ of water...”) - the role of water as an efficient lubricant is taken for granted
without considering in detail its particular qualities in this field. In the present book,
besides Sect. 2.2 which will be commented hereafter, the importance of water so far
mainly has been stressed in the contexts of destructive power (Sect. 2.5, 2.6, 2.7) and
release (Sect. 3.4), and it will be treated in further detail in connection with fluidisa-
tion, creeping, and secondary effects (Sect. 5.6, 5.7, 7.1, 7.2).

One of the mentioned particular qualities consists in a very low viscosity of
0.00134 kg m™' s™!. With a good reason “watery” is a common attribute for low-viscosity
liquids. In accordance with the remarks made here-above about the preconditions of
lubrication, low viscosity means that water, if not a practically irrelevant layer of minute
thickness is considered, will, on the one hand, leave almost unhindered the relative
displacement of the involved bodies, but that, on the other hand, it will escape very
quickly under the overthrust load if not maintained in place or supplied in sufficient
quantity. So dealing with water as a lubricant in rockslides mainly consists in detect-
ing circumstances under which water has a chance to contribute in supporting the
overburden load during a sufficient time to exert a perceptible influence upon the
effective coefficient of friction.

The most promising mechanism in this context has been proposed by Abele (1984,
1991a, 1991b, 1997b). It is not intended to repeat the (mainly phenomenological) de-
scription and comments given in Sect. 2.2 and visualised in Fig. 2.7. Only the wording
of the crucial sentences (1997, 2) should be presented in a compressed form: “... when
moving over a water-saturated valley fill..., a rockslide mass exerts... a compressive
effort upon the fill. The rapidity of motion prevents the pore water from escaping
unpressurized and forces it to support part of the rockslide’s weight...” In the immedi-
ately following sentences the balance between pressurising and escape is stressed as
the essential problem, and the analogy to forced lubrication of technical bearings is
mentioned.

As usual, straightforward quantification quickly is revealed as barred by insuffi-
cient knowledge of parameters. Nevertheless some quantitatively accessible models
can help to assess the basic idea.

The volume of potentially available liquid (which may be more or less pure water
as well as sufficiently fluid mud) is limited by the pore volume between the larger
particles of the fill. If, as a first approximation, such particles are assumed to be equal-
sized (“first-order”) spheres in highest density packing, the pore volume is about 26%
of the total volume occupied by the fill. And if a second-order set of spheres is intro-
duced (each tetrahedron-like pore between four first-order spheres containing the
largest possible sphere), the remaining pore volume is still substantial. Now the model
is obviously unrealistic: on the one hand the more irregular shape of real particles
and the impossibility of a highest-density array point to a larger pore volume which,
on the other hand, is reduced by the existence of smaller particles - however not be-
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low the size where they are readily transported by rapid water motion and thus have
to be considered as part of the liquid. Taking into account the somewhat complicated
reality, one may assume “several percent of the total volume occupied by the fill” as a
reasonable (though certainly not particularly precise) estimate.

Such an amount of lubricant, ranging in metres of thickness, would warrant a per-
fect lubrication if its entire volume could be made available as lubricant. This would
mean reduction of all pores to nought, obviously an impossible assumption. So the
next step of argument concerns the actual availability of lubricant under the com-
pressing action of the sliding mass. “Pumping” water to the interface between fill and
slide means forcing the proper fill material into a lower position. In principle, this can
occur by elastic deformation, by disintegration, by re-arrangement, and, of course, by
any combination of these mechanisms.

Elastic deformation is not very promising as, in order to yield a maximum of de-
formation, it requires an even distribution of stress in a body. And the multitude of
bodies forming a valley fill, with minute points of contact, is very far from this ideal.
And even an accumulation of three absurdly unrealistic conditions as perfectly even
stress distribution in the fill (e.g. consisting of vertical, coherent prismatic columns),
high ratio of strength to modulus of elasticity in the material of the fill, and near-to-
failure compression (requiring a slide mass several kilometres thick) would fail to
result in a substantial displacement of water.

For disintegration by crushing the above-mentioned first-order spheres model,
though not strictly realistic, does not dramatically differ from what can be expected
in practice. For instance, in both cases the relative deformation of the fill, when disre-
garding the support by the displaced water, can be expressed by

% = ——CgHSaS (5.21)
F SE
where Hy and AH, are, respectively, the thickness of the fill and its reduction under
load, cis a dimensionless factor given by the geometry, g gravitational acceleration,
Hg the thickness of the slide, ds its density, and si the compressive strength of the fill’s
material. Only the factor ¢ is different for the model, where it has the value Vi2/r= 1.1027,
and reality. Anyhow, a tentative calculation on the basis of Eq. 5.21 gives a result defi-
nitely more encouraging than that based on elastic deformation: with a slide 100 m
thick a compression of 1% of the fill thickness is possible even when assuming a solid
fill material (sz= 275 MPa). This is probably sufficient to start forced lubrication, but
it appears precarious with respect to a water supply sufficient to keep lubrication op-
erational for a reasonable time.

Unfortunately re-arrangement of particles in the valley fill, probably the most prom-
ising “lubricant pump”, is particularly evasive to mathematical treatment. It seems that
only a computer simulation of sufficiently complex realistic configurations or large-
scale experiments in a testing laboratory might provide satisfactory basic informa-
tion (how far the experiences with technical means of compacting like road rollers or
pulsators might be useful, is an open question). In spite of this flaw of knowledge, cer-
tain clues to the effectiveness of the mechanism do exist (Fig. 5.16): if a particle I is held
ata certain elevation in a wedge-shaped gap between two neighbouring particles II and
III which resist its tendency to push them aside, a massively increased vertical force F
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Fig. 5.16. Forced lubrication by pressurised water. “Pumping” of water by forced re-adjustment of
particles. a Under moderate force F, particle I is unable to push aside particles II and IIL. b Increase
of force F enables I to displace II and IIT and to assume a lowered position, followed by other parti-
cles. Reduction of interstitial space forces water to rise, pressurising it when way out is sufficiently
barred (sketch by Erismann)

exerted upon particle I may overcome this resistance. And the vertical displacement
of this particle may be many centimetres (against millimetres, at the best, in case of
being locally crushed). So it is probable, though no proof can be presented, that the
term “most promising” at the head of this paragraph is not an overstatement. It would,
however, be somewhat rash to consider such arguments as a definite guarantee for a
sufficient endurance of the lubricating process as a whole.

In this context it may be helpful to describe in some more detail, though only quali-
tatively, the process following the compression of the fill. Initially only part of the de-
formation according to Eq. 5.21 occurs owing to the supporting (i.e. lubricating) ef-
fect immediately exerted by the water. Simultaneously water starts escaping by any
possible passage, allowing the slide - if no additional water is supplied - to dip, con-
tinuously compressing the fill while the water is decompressed. This process is arrested
by the water’s surface reaching atmospheric pressure and the fill being compressed
in accordance with Eq. 5.21.In parallel thereto the lubricating effect fades out. Of course,
the half-life period of this process is an important parameter correlated with the qual-
ity of lubrication. It will be observed, by the way, that, as a certain compression of the
fill is a precondition for water being pressurised, the overburden never can be sup-
ported exclusively by the lubricant. Thus the lubrication not only is forced but also
load-sharing in accordance with the above definition.

The arguments so far presented make probable Abele’s hypothesis, but they do not
conclusively prove it. If it is presented here as the most promising explanation for the
phenomenon of long run-out, two eminently important circumstances play an essen-
tial role: in a general manner, none of the other hypotheses proposed in the literature
has been found equally congruent with the geomorphological evidence and its evalu-
ation (quantitative, as far as possible); in particular, this congruence is striking in the
comparison of overall slopes (Fahrboschung) as demonstrated in Sect. 2.2 (Fig. 2.5).

Soon after first having observed the correlation between overall slope and water-
saturated valley fill, Abele involuntarily was given an opportunity to check the idea in
an essentially “blind” test. In the autumn of 1992, in the very first phase of co-opera-
tion between the authors of the present book, Erismann (hereafter: E) had begun the
study of interpolation algorithms for the dependence of overall slope on volume. It
was natural to use the book on Alpine slides written by Abele (A) which contains a
graph with the overall slopes of numerous events (1974, 45). This information was used
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by E simply as statistical material, without looking into geomorphological or other
details. Somewhat later A explained his hypothesis, and E, spontaneously taking his
data sheet,began to ask questions like: “Does event X fulfil your conditions?... and Y?...
and Z?... Say nothing but Yes or No...” The resulting list of affirmatively commented
events yielded exactly the points marked by circles in Fig. 2.5. Finally A proposed to
cross-check the astonishingly unambiguous result using data from American events.
Unfortunately these data were not at hand. So the work was done later by E when he
had taken over the bibliographical collection of his friend who no longer could enjoy
the confirmation of his idea: the result was very similar to that obtained from the Al-
pine events.

One last point should be mentioned to complement the discussion of forced lubri-
cation by pressurised pore water. As Fig. 2.7 shows, one of the important ways of es-
cape is through the bow-wave 5. The “slot” connecting it to the space from which es-
cape takes place is pushed ahead with the slide mass like the air inlet of a jet aircraft.
But the pressure encountered by the escaping water may vary within an extremely wide
range: if the slot is penetrating into unmoved water, the expression for dynamic
pressure p = dv*/ 2, besides velocity v, has to be used with the density of water for d;
if instead, for any possible reason, immersion completely ceases, the density of air may
become valid, i.e. the counter-pressure drops by a factor of about 800 at sea level, and
1000 at an altitude of 2000 m. The turbulent and, of course, dramatically variable
nature of the bow-wave makes hopeless any guess a priori, and the average pressure
only can be described as “something between zero and 0.2 MPa at 20 ms™}, 1.25 MPa
at50 ms™', and 5 MPa at 100 m s7'”, adding the remark that the respective static wa-
ter pressures correspond to depths of 2, 12.5, and 50 m. As a whole, once more a case
for a well-programmed computer simulation is evident.

For the sake of historical correctness the reader’s attention should be drawn to a
precursor. Under the title of “Flowslides”, Rouse (1984, 491), with reference (among
others) to Bishop (1973), not only criticises the air-lubrication hypothesis, but also
speaks of “... a temporary transfer of the normal stress (author’s remark: and there-
with of weight) onto the fluid in the void space...” and postulates (p. 497) that “...
particles forced into a dense arrangement...” finally lead to “... a temporary increase
in pore pressure...”. These statements coincide in more than one respect with those
expressed by Abele, though the geomorphological context is not linked to the hypoth-
esis by equal correlations. For instance, it is assumed that a post-failure study of a
flowslide would “... have difficulty in differentiating it from any other fast flow...”,while
Abele in the mentioned experiment immediately could identify the events fulfilling
his geomorphological conditions (and turning out to have low overall slopes).

Once Abele’s hypothesis having been launched, it would be an interesting task to
check it with respect to its compatibility with the geomorphological circumstances
of further, in particular large events not depending on channelling to remain thick.
To quote the very showpiece: in their excellent description of the giant Saidmarreh
rockslide in Iran (doubtlessly a case of long run-out), Watson and Wright (1967, 129)
insinuate the importance of water. But without a closer investigation ad hoc it might
be premature to draw definite conclusions.

It will have been observed by a majority of readers that, without using the terms of
this section, forced lubrication by water repeatedly has been referred to in connection
with release. The most impressing examples are found in Fig. 2.45 and 3.19. Again the
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analogy with technical applications is striking: forced lubrication is a common means
to make bearings practically frictionless at extremely low velocities.

Further details of escaping, valid to a certain extent for group “Water”, but at least
to an equal degree for “Fire”, will close the discussion of the last-mentioned group.

*

In view of the extensive discussion in Sect. 2.3 and an earlier study (Erismann 1979,
31-33), the lubrication belonging to the group “Air” could be left aside entirely if there
were not, in the literature, an interesting study (Krumdiek 1984) written by an author
familiar with aerodynamics and pointing to the so-called “ground effect” known es-
pecially to old glider pilots who sometimes had trouble landing without the help of
aerodynamic brakes. Unfortunately this study is somewhat imprecise in the math-
ematical formulation of physical facts. An example: on page 540 two equations for
aerodynamic lift are found, one conventional and essentially correct, the other multi-
plied by a non-dimensionless coefficient of ground effect, falsifying the dimension of
lift from that of a force into that of an energy.

In a more general view, the analogy between a rockslide and a wing of an aircraft is
definitely a poor one. The most obvious point in this context refers to the fact that
under normal flight conditions a wing produces approximately two thirds of its lift
by suction from above and one third by compression from below. Now even a very thin
rockslide mass only 10 m thick requires as much as a pressure difference of 0.25 MPa
between bottom and top of the airfoil, and two thirds thereof are almost 1.7 times at-
mospheric pressure. Rightly it might be objected that the ground effect changes the
balance between sucking and pressure. But anyhow the necessary lift has to be granted
by a sufficient velocity. And here the difficulty becomes serious: the velocity required
for taking off is v= v [(2F.)/ (AJdc)], a formula approximately analogous to that used
by Krumdiek, though with the notation adopted in the present book: F is lift, A wing
area, d density of air, ¢ maximal lift coefficient. For the mentioned “flyweight” slide
F./A is 0.25 MPa, d about 1.25 kg m™>, and ¢ may be 3 for a wing with highly efficient
flaps. The resulting velocity of 365 m s™! requires a free fall in vacuum of 6 800 m be-
fore a take-off can be envisaged. And some questions - where the rockslide has its
highly effective supersonic landing flaps, and what should do a slide 20 times thicker
(not to speak of the size effect) - remain unanswered.

All in all the hypothesis is reduced to a pure overpressure-on-bottom mechanism
as proposed by Shreve (1966,1968a,1968b). And the fluidisation assumed by Krumdiek
as a consequence of having taken off needs no comment as taking off does not occur.

*

In passing to the key-word “Fire”, the phenomena in question should be specified
more precisely to avoid misunderstandings. In fact, a lubricant generated by fusion
might with a good reason be attributed to “water” and an evaporated one to “air”. The
justification for the formation of a special group lies in a particularity of all heat-gen-
erated lubricants: without fail, they come into being at the locations of maximal en-
ergy dissipation. In an anthropomorphous view the statement might be made that heat
provides lubrication exactly at the locations where it is most needed. And as the lu-
bricant in all instances comes either from the bottom of the moving mass or from the
top of the ground (or from both), the term “self-lubrication” is justified.

All this sounds, with somewhat modified accents, like a repetition from Sect. 2.4
where, besides the impressive example of Kofels used to demonstrate the fusion of
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Table 5.4. Energetic aspects of lubricants generated by heat. “Rock” is used for Kofels gneiss. Dispar-
ity sign > means “somewhat more owing to the neglect of minor effects”. Second and third lines are
averaged figures referring to “model” rockslide: density of material 2500 kg per cubic metre; average
thickness 100 m; vertical travel of centre of gravity 1000 m; horizontal run-out (entire energy dissi-
pated in generating lubricant). Second line shows mass of lubricant, referred to area of sliding mass.
Third line shows volume of lubricant, referred to total sliding area on ground (= 5 times sliding area
of mass). Evaporation volume refers to water

Medium Ice Rock CaCO, Water Dimension
Process Melting Melting Dissociation Evaporation

Process energy 0334 1.28 >1.27 >2.24 MJkg™
Amounts of lubricant:

Mass/area of sliding mass 7330 1916 >1916 >1095 kgm™
Volume/area on ground 1.6 0.15 >0.15 >0.22 m

rock, other mechanisms of self-lubrication (melting of ice; evaporation of water; chemi-
cal dissociation of carbonate; dehydration of gypsum or serpentine) as well as the first
publications in this field by Habib (1967, 1975) and Goguel (1969) are mentioned. Still
the considerations presented hereafter will throw a complementary light upon the com-
plex field of lubrication. They deal with both generation and escape of lubricant.

Looked at from an engineering point of view, lubrication is a means to economise
energy (and wear). So it cannot be unimportant how much energy is needed to gen-
erate the lubricant. A list of the most interesting candidates may be unexpected in
certain respects.

A first impression in considering Table 5.4 probably refers to the remarkable lu-
bricating power of melting ice (well known from skating and probable for Sherman,
Sect. 2.3). It is backed up by field evidence: among the key events of this book, Pande-
monium Creek and Huascaran, both very rapid, had to move on glaciers over a non-
negligible distance. It should be observed, in this context, that snow may not neces-
sarily offer equal possibilities: its lower consistence may entail its being pushed ahead
by a rock mass instead of serving as a track. Yet there exist reports of low friction
observed in events on snow (McSaveney 1978; Kelly 1979).

The second particularity is given by the energetic requirements of various proc-
esses. Fusion and dissociation of rock are quasi equal in this respect, while evapora-
tion of water is almost at twice this level. It has, however, to be borne in mind that the
escape mechanisms for liquids and gases are different so that no rash conclusions
should be drawn (s. hereafter).

Of course, Table 5.4 is not realistic in every respect: even in an event consisting of
descent and horizontal run-out (as assumed for the model rockslide) not the entire
decelerating energy can serve to melt rock or to evaporate water. Still the more detailed
calculations carried out for Kofels (Erismann et al. 1977, 96-99) show that only a small
portion of heat is lost by conduction. So, at least in the case of a mainly coherent mass
(as that of Kofels must have been), the volumes presented in the last line of the table so
to say as “lubricant carpets” covering most of the ground, possibly not are dramatically
overestimated. And the weak point, as already observed for the group “Water”, once more
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is found in the mechanism of escaping which, on the one hand, cannot be estimated
with reasonable (though moderate) accuracy like generation and, on the other hand,
means both a loss of lubricant proper and one of heat carried away by convection.

In such instances the interest in escaping mechanisms is further increased, and four
questions have to be considered. One refers to the possibility of a size effect, the sec-
ond to the behaviour of various lubricants when being forced through narrow pas-
sages, the third to the geometry of such passages, and the fourth to quantification of
load-sharing lubrication. The third and the fourth are those relevant for group “Wa-
ter” as well.

*

The first question yields a straightforward quantitative answer. The only condition
to be respected is that the rate of lubricant generation - like the energy available for
the purpose - be approximately proportional to the thickness of the mass. Now com-
pare two similar masses, one of which is twice as thick as the other. Obviously their
relation of lubricant generation per unit of sliding area will be 1: 2. The larger event,
however, will not offer, per unit of area, more interstitial passages for escape, be it
trough its thickness or laterally. On the contrary, the total path will be longer, the de-
gree of compaction higher, and time probably more limited by faster motion. And to
accelerate the lubricant to double velocity of escape, more than twice the pressure is
required. In other words: the lubricant balance of generation versus escape is estab-
lished at a pressure higher than proportional to thickness. No matter, whether the lu-
brication turns out to be load-sharing or not, a positive size effect is granted. Nowa-
days, however, self-lubrication no longer would be presented as the only physically
plausible mechanism known to entail a size effect - as done by one of the authors
20 years ago (Erismann 1979, 43, Item c): too manifold are the examples quoted in this
book. Still the existence of extra-terrestrial events with long run-out underlines the
importance of self-lubrication (Lucchitta 1978).

*

The second question can, at least partially, be answered in a satisfactory manner,
though quantification is confined to relative statements. When moving through a se-
quence of narrow passages (certainly the usual configuration, especially in a disinte-
grated mass), under normal conditions the resistance of a gas is higher than that of a
liquid. Under the conditions of generation at the bottom even of a large slide, gas den-
sity is below that of water (not to speak of fused rock). And even if the opposite were
the case, after several passages the necessary reduction of pressure and density soon
would invert the relation (as the density of the liquid is almost independent of pres-
sure). And, of course, lower density means more volume, and more volume means more
resistance against escaping. In addition, the resistance of a gas is increased by the
necessity to reach the sonic velocity in most of the passages. In fact, a direct quantita-
tive comparison of fused and dissociated rock yielded a definite superiority of CO,
as a lubricant (Erismann 1979, 35-43). This study might be criticised with good rea-
sons for the necessarily ill-founded assumptions made concerning the geometry of
the escape system (an example: no possibility of clogging was accounted for); but this
has little to do with the relative figures obtained in the comparison of two fundamen-
tally different lubricating systems. Anyway, it is an unlucky fact that the traces of dis-
sociation disappear almost as quickly as those of evaporation so that only one well-
documented report of field evidence is known (Hewitt 1988, 66).
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Corrections to the general superiority of gaseous lubricants may be necessary if
the mentioned “normal conditions” fail to be fulfilled. In particular fused rock at a
temperature near to solidification may undergo a non-negligible increase of resist-
ance due to increasing viscosity.

*

The third question, relevant both for “Fire” and “Water”, as announced above, deals
with the rate of escape as a function of the degree of disintegration in a mass. That an
essentially coherent mass, offering in principle no ways of escape through its thickness,
is a favourable precondition for self-lubrication, is easy to see. Yet also the existence of
amore or less impermeable layer at the bottom of disintegrated masses, as assumed in
Fig. 2.7, Item 4, is not an uncommon observation. How can such a layer be formed?

It is well known that in their depth many disintegrated rockslide masses consist of
“... finer grained, tightly packed, and relatively nonporous...” material (Shreve 1966,
1640, referring to Sherman slide). The respective tendency of gradation (coarse on
top), most frequent in disintegrated masses, has been commented under Heading 4.2.
Now in any case the lubricant contains solid pollution, either carried along after gen-
eration or being part of the product of heat transformation (quartz in melted feld-
spar, CaO powder in CO, gas, etc.). So it cannot be excluded that such pollution may
clog up the obviously narrow passages between relatively small particles. Especially a
sufficiently viscous mixture of fine-grained material with water may act, in the ex-
tremely rapid sequence of partial mechanisms, as an excellent short-time sealing
material. And fused rock, even without any additives, but ready to re-solidify at the
first contact with a colder surface, may equally be effective. Figure 2.25 shows a crack
in the ground below the Langtang slide, reaching relatively far, but having absorbed
only a very small volume of frictionite. Similar spin-offs have been observed on both
top and bottom of the sliding surface, but it seems that, at least in the particular cir-
cumstances, not much of the fused material was lost.

Partially, this fact may counterbalance the general superiority of gaseous lubricants,
but it would be very difficult to quantify this amount, even on a purely relative basis.

*

Eventually, the fourth question refers to load-sharing lubrication. Its existence in
the case of forced water lubrication is discussed above; for starting heat-generated self-
lubrication it is simply a must. As a matter of fact, there must be in the immediate vi-
cinity a powerful source of heat, and this source hardly can be other than frictional.
In the initial state there is nothing but dry friction; when the required temperature is
reached, local generation of lubricant starts,immediately followed by increase of pres-
sure and escape; according to the circumstances an equilibrium between generation
and escape is attained, concomitant with the respective degree of pressure, and hence
load sharing. Now it must be taken into account that the process reduces friction in
accordance with the amount of weight supported by the lubricant: the effective coef-
ficient of friction as well as frictional heating are thus reduced.

Only in extreme cases, if at all, can the entire weight be supported by the lubricant
alone (perhaps the continuous layer of frictionite of Fig. 2.25, more than 100 m long,
is an example). In such a case friction is dramatically low, and dramatic velocities are
possible. In addition, friction becomes essentially dependent on velocity. Whether even
in this state a balance of generation and escape can exist in reality, depends, besides
generation and escape proper, on the character of the lubricant and the conditions of
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cooling - once more a case for detailed investigation of various parameters, followed
by large-scale computer simulation. It is, for instance, not excluded that after the de-
velopment of a rather effective layer of lubricant the system becomes unstable by domi-
nance of escape and collapses by lack of heat, thus re-starting rock-to-rock contacts.
This would mean nothing but a load-sharing “pulsating in time” complementing the
more trivial load-sharing in space.

What can be done with the means available at the time being, is to determine ap-
proximately the resulting coefficient of friction ¢ in the (normally valid) parameter
configuration in which the resistance in the lubricant can be neglected in compari-
son with that of Coulomb’s friction. In such instances

=pl1- 2L
Heff = .u(l HagJ (5.22)

is valid where p is the rock-on-rock coefficient of friction, p; the average load-bear-
ing pressure of the lubricant, ¢ the (dimensionless) fraction to which the sliding area
is exposed to py, H the thickness of the mass, dits density, and g gravitational accel-
eration.

A last remark should be made in the field regarding both “Water” and “Fire”. One of
the most spectacular possibilities of a descending rock mass is its motion on top of a
lava stream. It will, however, not be treated in detail as belonging only partially to the
topics of this book and requiring a considerable amount of space to be presented in a
satisfactory manner. It suffices to recall that a block practically immersed in flowing
magma rather has to be considered as an alien elément within a viscous fluid than as a
body lubricated by the fluid. For interested readers in first instance the extensive de-
scription of the Mount St. Helens event by Voight et al. (1983, 261-269) is recommended.

*

Under the heading of “Earth”, the last group of lubricating mechanisms refers to
solids as lubricants. There exist various basic mechanisms, ranging from almost per-
fect triviality to a degree of sophistication requiring some deeper digging to become
transparent.

In fact, if a material excelling by naturally plane surfaces - for instance graphite or
mica - is found located between two surfaces in relative displacement, only the ques-
tion may be non-trivial how it could get there without being part of one of the re-
spective bodies. The rest is simply the almost complete absence of rugosity: a fact
highly interesting from the viewpoint of materials science (especially of crystallo-
graphy), although nothing but a common parameter when considered in the optics
of motional dynamics.

Travelling on top of a layer consisting mainly of fine-grained rock particles and water
(clay, mud) can only be effective if the lubricant is available in large quantity and has
the above-postulated more or less ideal degree of viscosity between too watery and
too solid. The impressing examples of Gros Ventre and Rossberg/Goldau (Alden 1928,
347-349; Heim 1932, 71-74) are mentioned in Sect. 3.1. It would, of course, be a fasci-
nating challenge to attempt, on the basis of the little-changed deposits of these his-
torical events, a detailed simulation yielding the mechanism (in first instance N, or P,
or, most probably, something in between) as presented at the head of Sect. 5.2. For
further details s. Sect. 5.6.
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As mentioned in Item 24 under Heading 5.3, perhaps the most challenging mecha-
nism for a lubrication of the “Earth” type would consist of a number of highly ener-
getic particles keeping the rest of a mass in levitation by “playing volleyball” with it.
Such mechanisms have been studied in computer simulation by Dent (1985) and
Campbell (1989). Both have based their work on representing a mass of debris by spheri-
cal (Dent) or disk-shaped (Campbell) bodies moving on periodically uneven ground.

Dent’s work suits the requirements of lubrication particularly well: a very large
particle on top is considered as overburden, the smaller ones holding it in suspense
as lubricant. For reasons unknown to the author of the present section the coefficient
of restitution is assumed to be unity at zero relative velocity (p. 4), thus favouring low
velocities. Further the trend to rotate is artificially retarded to reduce the effect of
rolling (p. 7). Contrarily to these aspects which impede a perfectly realistic approach,
a point of particular interest in this model consists in the fact that a positive size ef-
fect was observed (p. 9). Subsequent analysis showed that it was due to the influence
of multi-particle collisions in which tangential momentum transfer is reduced (pp. 20,
22-23). A further valuable statement refers to the phenomenon reported in Sect. 5.3
under the label of a rebounding body “declaring itself bankrupt”, the braking capacity
of an impact exceeding the momentum stored in the body. Here, however, rotational
instead of linear motion is considered, and thus friction is tangential (pp. 14, 17).

Obviously also Campbell’s study had to deal with the problem of rotation which
cannot be solved in a perfectly satisfactory manner when using spheres or discs
(p- 659). And also his solution - to let them rotate without correction -, despite the
easier approach it offers to analysis, certainly does not comply with the behaviour of
real debris, irregularly shaped, sharp-edged as they are and (as discussed in Sect. 5.1)
tending to move with their shortest axes at right angles to the ground. On the other
hand, Campbell was able to demonstrate plausibly that, under the extremely favour-
able (not to say impossible) conditions stressed in Item 24 of Sect. 5.3, three highly
energetic particles can hold in suspense no less than 37 other particles of equal size -
a remarkable performance.

And as in both studies the angle of collision turns out to be the most important
parameter (Dent p. 14; Campbell p. 664), an essential difference between simulation
and reality cannot be concealed. So both give excellent insights into various problems,
but both show that a realistic simulation requires a far higher preparatory and compu-
tational work. By the way it should be observed that, according to the details of a par-
ticular set of chosen parameters, the mechanisms in both cases may be interpreted as
lubrication, as fluidisation, or as something in between (would “flubrication” be the right
term?). So they also will shortly be mentioned in the immediately following Sect. 5.6.

*

To check the capacity of this class of mechanisms with respect to long run-out,
hereafter a simple, easy-to-calculate model will be used in which a realistic coefficient
of restitution (J = 0.7) and a horizontal track (simulating a typical run-out situation)
are assumed. All further assumptions are chosen to favour the well-functioning of
the mechanism, even at the price, in some cases, of unrealistic conditions (Fig. 5.17).
A mass m; moves over the ground. Both the ground and the bottom of the mass are
plane by exception of the singular points mentioned hereafter. A single row of highly
energetic particles, forming together a comparatively small mass m,, achieve a to-and-
fro motion between ground and mass, thus holding m; in levitation. This motion is
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Fig. 5.17. Partial view of running out rockslide mass m,, dynamically lubricated by many particles
of m, (two are visible), rapidly moving in a zigzag course between m, and ground, thus keeping m;, in
levitation by multiple impacts from below. Arrow: motional direction of m;; dots and dashes: path of
my; e: stroke of m,. Note the — deliberately idealised - angular adjustment of impact points in ground
and m, granting an optimal path for each particle of m, (feature dropped in Fig. 5.18). Energetic
estimations on this basis are definitely optimistic (sketch by Erismann)

optimised by a locally perfect individual angular adjustment of the surfaces of both m;
and ground so as to avoid collisions between particles or undue lateral obliquities in
their paths, and, above all, to carry along m, with m,. Furthermore the weight of m, is
assumed to be negligible. Thus only the energy required to obtain total restitution after
each impact is accepted as aloss, and it is assumed that this energy can be taken, with-
out any further loss, from the kinetic energy of m,.

Let g be the gravitational acceleration, u the vertical component of the velocity vec-
tor of m,, and At the time required for a complete cycle of the particles (with one im-
pact at the ground and one at m,). Then levitation obviously takes place if the mo-
mentum exerted by m; in hitting m; equals the action of gravitation during At, i.e. if

2myu=m;gAt (5.23)

is true. When introducing the vertical stroke e of the particles, At can be expressed by
2e/u, and the vertical component of velocity is written

u= geﬂ (5.24)

thus making possible the determination of the respective kinetic energy and, after multi-
plication by (1 - J?), its loss in a cycle. This lost energy, extended to the duration ¢ of the
run-out, easily can be transformed so as to express the respective loss in elevation

1-J2  [gem

Az =——t [7— 2
2 m (5.25)
that m, would undergo in losing an equivalent amount of gravitational energy.
Now introduce parameters reasonably favourable to well-functioning, e.g. ] = 0.7,
m,/m, =20, e =0.2m, and t = 50 s. The resulting figure, Az = 79.9 m, corresponding
to the kinetic energy of m, moving at a velocity of 39.6 m s™' and dissipating said en-
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ergy in an horizontal run-out distance of 990 m, gives, at first sight, a promising, though
not dramatic impression. This is, however, the moment to remember that the consid-
ered loss of energy comes from nothing but keeping operational the process of levita-
tion under particularly favourable circumstances. And a side-glance at the assump-
tions made stresses this impression, as the following - by no means exhaustive - ex-
amples will demonstrate: if, for instance, there were in m, two rows of particles above
one another, thus giving rise to twice as many collisions, Az would be doubled; if, as
might be concluded from experimental collisions carried out with loose talus mate-
rial, a velocity restitution coefficient around 0.45 (Bozzolo 1987, 22, Tab. 2.4.1) were used,
an increase of Az by a factor exceeding 3.0 would result; if the highly sophisticated in-
dividual adjustment of the points of collisions were replaced by plane surfaces, the pro-
cess either would fade out, m, necessarily being overtaken by m,, or a continuous sup-
ply of fresh particles (requiring to be freshly energised in the vertical) would be needed.
The final result is obvious: the “volleyball” model, not excluded as a mechanism in steep
slopes, is practically hopeless for the explication of the phenomenon of long run-out.

The above arguments show with particular clarity the value of partial quantifica-
tion. If in a system a sufficient part of parameters can be estimated, and the respective
partial mechanisms can be quantified sufficiently well, and if the result of such partial
quantification is near the limit between function and non-function of the total mecha-
nism, a qualitative or semi-quantitative consideration of the remaining parameters and
partial mechanisms can pave the way to a reasonably well-founded yes-or-no answer.
For normal-sized rockslides, however, there exists an argument beyond any doubt.

Consider in some detail the consequences of dropping the - really fantastic - as-
sumption of individually optimised angles of collision. As the forces acting upon the
particles of m,, owing to the short duration of collisions, necessarily are far higher
than in case of a roller bearing (Sect. 5.3), such particles, in the reality of not too thin
a rockslide, cannot subsist in a shape allowing rotational contacts. This is equivalent
to saying that the particles, in colliding with either of the surfaces (ground or m,),
undergo an incremental process of sliding. It was already insinuated in Sect. 5.3 that,
to allow for serial bouncing, the coefficient of friction u shall not exceed the slope tang.
This condition, u < tanf3, trivial for bare sliding, has a more general background. Con-
sider the simple case of motion on horizontal ground. Of course, in order to maintain
a body at a given distance from the ground, the lifting force, averaged over a reason-
able time interval, shall equal the weight of the body. This is true also for a force gen-
erated by a rapid sequence of impacts (Fig. 5.18). The same applies to any force pro-
portional to said lifting force. Hence, provided that Coulomb’s rule is valid, the result-
ing average of frictional force within the considered time interval, irrespective the
course of the succession of force peaks, must be the product of weight and coefficient
of friction. In such instances the lubrication may exist, but its effect is reduced to nought
as compared with unlubricated sliding, even if the coefficient of restitution is unity.

*

The physical and geomorphological heterogeneity of the mechanisms treated in

the present section makes useful a short review of the results obtained.

1. Various analogies exist between technical and natural lubricating mechanisms, for
instance: the fundamental balance between supply and escape of lubricant; com-
plex systems like forced lubrication by pressurised lubricant; load sharing between
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Fig. 5.18. Forces exerted by non-rolling particles of m, (Fig. 5.17) upon plane bottom of m, or plane
ground. To obtain levitation of m, in time interval t,-t,, total momentum of irregular impacts (force
peaks Fy,) must equal that of weight Fyy,, i.e. area below Fyy; must equal area of rectangle below Fy,. If
Coulomb’s rule (coefficient of friction ) is valid and friction is unable to reduce to nought difference of
velocities, frictional force peaks Fr,= i Fy, are obtained (peaks stained black), yielding, in their turn,
an average force Fg; = it Fy;. In such instances, frictional losses in pure sliding and with lubrication are
equal. Note analogy to repeated rebounding commented in Sect. 5.3 (sketch by Erismann)

lubricant and solid-to-solid contacts. Only for Item 4 lubricants found in debris
are reported in certain cases.

. Water as unique lubricant is highly probable in the form of weight-pressurised

forced lubrication by originally interstitial water of fills, predominantly in laterally
confined valleys or large events (size effect). Load sharing is probable. Correlation
with overall slope is remarkable.

. Air as a lubricant, after physical analysis and comparison of terrestrial events with

such on celestial bodies, seems to be far less effective (if at all) than was assumed
for a considerable time.

. Self-lubrication (key word: “Fire”) by heat-generated lubricants (melted ice/snow

or rock, chemically dissociated rock, evaporated water) is promising by high effi-
ciency (lubrication at best suited points), despite relatively low volume of lubri-
cant. Unique lubricants perceptible in debris: melted and dissociated rock. Size
effect and load sharing are compulsive.
Rock and soil as lubricants (key word: “Earth”) are trivial and consistent with field
evidence in case of perfect surface (mica, graphite) or materials containing water
(clay, mud). Non-trivial is the “volleyball” model of self-lubrication with energised
particles holding the main mass in levitation. This model can work only on suffi-
ciently steep slopes.

*
The importance of the present section lies in the fact that lubrication may entail

long run-out with catastrophic consequences. So it is essential that, in spite of lacking
knowledge for accurate forecasting, it was possible to make evident the physical lim-
its of the considered mechanisms, and that the resulting statements mainly are based
on quantitative reflections.
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5.6
Fluidisation

The fundamental difference between lubrication and fluidisation lies in the location
of the mechanism achieving a reduction of resistance. In case of lubrication this
mechanism, irrespective its physical nature, is considered as concentrated in the im-
mediate vicinity of the boundary between moving mass and ground; in fluidisation,
on the other hand, the mechanism is active at least in a considerable portion, normally
even in the entire thickness of the mass. In somewhat imprecise terms, lubrication
might be considered as a quasi-bidimensional phenomenon, while fluidisation is fun-
damentally three-dimensional.

The main geomorphological consequences of this difference are obvious. In motion,
a fluidised mass, like a liquid, normally displays relative displacements within its en-
tire volume. Lubricated motion, on the contrary, entails moderate relative displace-
ments between the particles of a disintegrated mass, thus keeping it “in shape” and
preserving to a large extent the sequential order of constituent parts. This fact is a
powerful clue in analysis a posteriori, excluding a majority of rockslides from the
suspicion of having been essentially fluidised in their downbhill ride (Sect. 2.4, 5.1, 5.4;
in particular comments to Fig. 2.21, 5.15). Hereafter doubts will be expressed in a par-
ticular case on the basis of this simpie though often disregarded clue.

In parentheses it should be observed that for solid lubricants, as far as they obey
Coulomb’s law, the rule of lowest  dominance (Sect. 5.4) is valid so that, contrarily to
the above definition of fluidisation, a tendency must prevail to concentrate the entire
drop of velocity near one single plane.

In some cases, fluidisation can be considered as a “multiple lubrication”,i.e. a mecha-
nism of lubrication acting in a sandwich-like array on several planes, approximately
parallel to each other and to the ground. Transition from this hybrid concept to pure
fluidisation logically is given as soon as no distinct planes of lubrication can be per-
ceived: the sandwich has been turned into a hamburger. The practical importance of
this particular model may be questioned with good reasons; its didactic value, how-
ever, will soon be demonstrated.

*

As a matter of fact, the just-mentioned sandwich model is particularly useful to give
a quantitative, though not in any respect a realistic idea of a mechanism of fluidisation
encountered rather frequently in connection with rockslides: fluidisation by water.

Imagine a multiple-layer, sandwich-like mass, rather similar to that of Fig. 5.15, yet
containing a layer of water between any pair of consecutive layers of rock (Fig. 5.19a).
Let the respective thicknesses be e, (rock) and e,, (water) and the densities J; and d,,.
For a first approximation assume impermeable rock layers with negligible rugosity
and an extension large enough to neglect also the peripheral losses of water in the
considered space of time. It should be added, in this context, that the term “negligible
rugosity” in first instance means that the asperities of a surface must be small (i.e. low)
in comparison with the thickness of the adjacent layer of water. Finally let e, and e,,
when compared with the thickness H of the mass, be small enough to allow a reason-
able approximation when replacing the model by a mass entirely consisting of a
Newtonian fluid equalling it in its averaged values of density d and viscosity E which
obviously are given by



5.6 - Fluidisation 219

fih/H) = h/H - 0.5(h/H)?

ew,
er
" \ .
:5.
<
0.
0.
00
a b

Fig. 5.19. Fluidization by water. a Simplified “sandwich” model facilitating quantitative understand-
ing of viscosity-controlled motion of disintegrated water-saturated mass (e,: thickness of imperme-
able rock layer; e,: thickness of water layer). For better clearness only few layers are shown. Funda-
mentals are discussed for infinitely extended layers; then finite lateral extension is introduced to
allow for lateral water escape. b Continuous viscous mass as approximated by sandwich model. Ex-
tensions (H: total thickness; h: distance from ground) are used to establish differential equations of
motion (Eq. 5.28,5.29). ¢ Standardised velocity distribution (equilibrium after sufficiently long travel
under constant conditions), valid for all masses moving under the rule of constant viscosity. f(h/ H) is
proportional to velocity (sketch by Erismann)

9= o€ + 0yey

(5.26)
e + ey
and
E = EW e_rﬂw. (5_27)
eW

where E,, = 0.00134 kg m™' s7! is the viscosity of water. This trick simplifies quantita-
tive treatment dramatically.

In fact, for motion at constant velocity (i.e. the stable velocity asymptotically ap-
proached on a given slope, s. mechanism P in Sect. 5.2) the shearing stress s at thelevel h
(Fig. 5.19b) can be expressed by the effect of gravitational acceleration g on the left side of

(H—h)gdsinf = s =EZ—Z (5.28)

and, on the right side, that of viscosity E. B is the slope angle and u the velocity at level h.
This differential equation easily can be solved to obtain velocity u in the formulation

u= f(%)gHz %sinﬁ (5.29)

where f(h/H) = h/ H - 0.5(h/ H)?, as being dimensionless and identical for any pos-
sible configuration of parameters, undoubtedly represents the best choice for an easy-
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to-use variable (Fig. 5.19¢). The maximum velocity at the surface of the mass is given
by fih/H) =1/ 2, and to obtain the mean velocity, averaged over o < h < H, the aver-
age fn(h/ H) =1/ 3 can directly be used in Eq. 5.29.

It will be observed that Eq. 5.26 and 5.27 yield unchanged results if both e, and e,
are multiplied by one and the same dimensionless factor. This means nothing less than
that the distribution of velocity described by the differential Eq. 5.28 is independent
of the absolute thicknesses attributed to the layers as long as e,/ e,, remains unchanged
(and, of course, as long as the accepted range of layer thicknesses with respect to total
thickness H and to the size of asperities is respected).

Now cancel one of the obviously unrealistic assumptions of the model and give it a
finite breadth B (which, owing to possible longitudinal cracks, is not necessarily the total
width of the mass). This change yields a possibility of escape for the water (which so far
was considered as trapped between the quasi-infinite layers of impermeable rock), thus
enabling water layers to narrow down and to increase resistance accordingly. Now the
crucial question for the well-functioning of the model lies, as easily can be concluded
from Sect. 5.5, in the time available for not too seriously hindered motion of the mass.

It would go beyond the frame of this book to deduce in detail the equations show-
ing the consequences entailed by the laminar flow of the escaping water. Fortunately,
its final result displays, in the chosen formulation

dey /dt _2(ey 2_}_7_
ey _3(3) E, (5:30)

a remarkable transparency. On the left side the velocity at which a water layer nar-
rows down (de,,/ dt) is referred to its thickness e,,. Thus the relative (percental) loss
in layer thickness per time unit is expressed. The right side, on the one hand, is con-
nected with the geometry both by the constant 2/3 and the squared figures e,, (the
width of the passage) and B (i.e. twice the length of the passage); on the other hand, it
represents the antagonism between driving pressure p and braking viscosity E,,.

The most interesting modification of the presented model would refer to a quasi-
normal, three-dimensionally disintegrated mass with a reasonably homogeneous
granulometric distribution of particles. Certainly, the quantification of any laminar
escape mechanism necessarily contains the term p/E and a dimensionless constant
value ¢ corresponding to the coefficient 2/3 of the model. So on the right side of the
equation only the influence of the term e,/ B needs to be considered in more detail.
Thereby it has to be taken into account that this term is dimensionless so that any
possible substitution must equally be dimensionless. Leaving open its precise char-
acter, a function f{e,,/ L) may be introduced for the purpose. Numerator and denomi-
nator stand for width and length, obtained by reasonable averaging from all signifi-
cant passages of the mass. In addition, it is granted that both undergo a more than
proportional size effect: e,, because of the high dependence of resistance on the width
of passages, L because, in its centrifugal motion, the escaping water not only covers
an increasing distance, but also assumes an increasing volume by the water added en
route. Equation 5.30 thus can be regarded as a slightly modified special case of

de,, I dt w
Tl (%JEi (5.31)

eW w
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With relative easiness ¢ and f(e,,/ L) could be determined for a fairly regular array
of particles; for more realistic configurations, however, it would be another task for a
fast computer.

Fortunately, in the frame of the present book such endeavours are not absolutely
necessary as the most important generalised conclusions can be drawn from Eq. 5.29,
5.30, and 5.31, including the accompanying arguments.

1. It is obvious in the context of Eq. 5.29 that the general behaviour of a water-satu-
rated disintegrated mass, as long as flow is laminar and the mass is able to hold the
water, resembles that of a viscous liquid.

2. In such instances necessarily there is an increase of velocity from the bottom to
the top of the mass. The main consequences in a mass of finite length are reversal
of sequential order of the elements and rapid loss of thickness.

3. A strong positive size effect (“small slide slower™) is given by the square of thick-
ness H in Eq. 5.29.

4. According to Eq. 5.30 and 5.31, the relative loss of water (and increase of effective
viscosity) is slower in large than in small masses: driving pressure p is propor-
tional to the linear extension, braking effect of path length (expressed by Bor L) is
in any case overproportional. The result is a second size effect (“large live longer”).

5. The absolute extension of passage width e,, exerts a decisive (definitely overpro-
portional) influence upon the duration of functional life.

Whenever fluidisation by water is suspected, Items 1-5 can be used to check the
probability of fluidisation. In particular very fine-grained water-saturated materials
like clay show an excellent endurance in serving as sliding tracks (here, of course, fur-
ther effects like capillarity may play a certain role).

How far valley fills serving as a basis for pressure lubrication by water (Sect. 2.2,
5.5), if consisting of appropriate material, may partially or integrally perform an ad-
ditional internal deformation like a viscous fluid, is left open. In his basic publications
to the subject, Abele (1991b, 1997b) used the term “mobilisation” which might have
meant such a motion below the rockslide surfing on top. The possibility of a single
layer of conveniently viscous rock-and-water mix acting as a proper lubricant has al-
ready been briefly mentioned under Heading s.s.

Finally, some remarks should be made about the limits of the described form of
fluidisation by water. Obviously the bounds of viscous flow are trespassed as soon as,
at increasing velocity, energy dissipation by inertial effects overtakes that due to
laminar flow. The description and analysis of a similar transition, though under some-
what different conditions, is one of the main issues of Bagnold’s remarkable work (1954,
1956). In the optics of this book, the transition marks the boundary between rockslides
and fast mud flows which are considered as a mixture of rock or soil particles and
water moving essentially like a low-viscosity, “watery” fluid wherein the rock parti-
cles take part, according to their size and the respective velocity of sinking, as almost
plankton-like, density-raising parts of the fluid or as alien bodies, forced by weight,
friction, buoyancy, hydrodynamic effects, etc. into a motion at more or less reduced
velocity. The physical difference thus outlined was the reason of the reluctance ex-

pressed in Sect. 2.7 against the use of the catastrophe of Huascarén as a key event of
this book.
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At the other end of the scale of velocities, fluidisation by water in creeping, by vir-
tue of its frequent occurrence, must be considered as an important mechanism. In-
numerable are, in fact, the small events which happen, so to say, day by day all over
the world. And initiation of rockslides by this kind of mechanism has already been
mentioned more than once in the present book (Sect. 3.1, 5.5).

*

To the author’s knowledge, Shreve (1966) was first to propose a layer of air as a lu-
bricating mechanism in rockslides. He was, however, definitely not first to consider,
in a more general sense, air as a means able to increase the reach of descending masses.
In fact, somewhat more than a year earlier (in spite of having appeared in the same
year, the two manuscripts had been received by the respective publishers on March 20,
1965, and September 20, 1966), Kent (1966), in comparing limited scree-forming
rockfalls with the far more extended events of Saidmarreh (Harrison and Falcon 1937,
1938), Frank (Mcconnell and Brock 1904), and Madison (Sharpe 1938), came to the
conclusion that the obviously more economic locomotion of the large slides was due
to their capability to be fluidised by absorbing air. It is perhaps of a certain interest to
quote the original formulation of the essential statement: “... it seems highly probable
that the high speed and high fluidity... was due to fluidization with air - the air en-
trapped during the first few hundred feet of fall being ‘entangled’ in the rock for long
enough to permit the rock to flow as a liquid...” (p. 82).

Unfortunately, very little is said about the details of the supposed mechanism, and,
in particular, nothing about the way in which air could be trapped, compressed, and
“entangled” with the disintegrated mass. Its compression, however, is explicitly men-
tioned in the case of Frank: “... the phenomenon was accompanied by a violent com-
pressed-air blast... mud and small rocks were spattered over the surface far ahead of
the slide...” (p. 81) and: “... in some cases people were carried many tens of feet with-
out damage before being buried...” (p. 82).

On the basis of the arguments dedicated to air lubrication (Sect. 2.3, 5.5), it would
not be difficult to reduce to absurdity the hypothesis of air fluidisation by using,
mutatis mutandis, the same arguments (in fact, the crucial condition in both cases
consists in the possibility to overcome gravity; and for fluidisation even the dubious
chance of trapping and compressing air by a large bounce cannot be postulated).
It seemns, therefore, more useful to draw the reader’s attention to another line of thought
that equally was not analysed conclusively. As a matter of fact, it is well known
that the blast accompanying a fast rockslide (and to a certain extent preceding
it, Sect. 2.5, 2.7) can be strong enough to blow down a man, not to speak of carrying
along small stones. This is perfectly plausible even for a moderately rapid event: when
replacing water by air at sea level in Eq. 3.5 and assuming a velocity of, say, 5o ms™,
a force approximately equalling the weight of a person is obtained - an impressive
hurricane. The respective dynamic air pressure p = 0.5d,v%, however, being in the
order of 1550 Pa, is just high enough to hold in suspense a square metre of rock some
5 cm thick! And little will change at twice the velocity (100 m s™1): the man will be
blown away like a twig, but the thickness of the rock square will not essentially ex-
ceed 20 cm...

This simple mental experiment is, perhaps, a useful demonstration for someone
endeavouring to acquire a feeling of how to think in terms of rockslides...
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As mentioned under Heading 2.3, the impact of Shreve’s impressive hypothesis
(1966, 1968a, 1968b) evoked, in the late sixties and especially in the seventies, a school
of thought based on the idea of air as a means increasing the reach of rockslides. There
were, however, certain unanswered questions encouraging scientists to look out for
other solutions, even at the cost of going against the tide.

Some of these questions were raised as soon as Lunar and Martian events were
considered more in detail (Guest 1971; Howard 1973; Luchitta 1978). It was found that
long range did not necessarily have to be considered as an earth-bound (or rather:
atmosphere-bound) privilege. It will be shown hereafter that in accepting the fact
certain critical questions remained unconsidered. Anyhow, it could not be overlooked
that remarkably low overall slopes existed without the presence of a supporting gas
(the unique plausible mechanism in the eyes of many experts at the time). So it is
natural that certain researchers tried to find mechanisms able to solve this enigma.
Two important examples based on computer simulation (Dent 1985; Campbell 1989)
already have been discussed, mainly in Sect. 5.5. There also the result of the respec-
tive analysis was summarised in Item 24. A third study will be presented hereafter. Two
things are remarkable in this context: all three examples were based on straightfor-
ward mechanics; and all three appeared several years after the most-cited publica-
tion which will close the discussion of this group of mechanisms.

Under the denomination “mechanical fluidisation”, Davies (1982, 14-15) suggested
that ... a high energy input... causes high impulsive contact pressures between...
grains...”, in other words an approach to the analogy between a gas and fine-grained
solid material. The experiments set up to visualise flowing (a mass consisting of sand
on a longitudinally vibrating, slightly tilted bed) must, however, be considered with a
certain reserve: the parameters correlated with an optically flow-like motion of the
sand (amplitude 5 mm, frequency 25 Hz) result in peak accelerations of no less than
+12.6 g, an overwhelming effect reducing friction to a practically negligible role. As a
consequence, conclusions referring to the motion of a rockslide mass (in which, as a
rule, besides the stored potential energy no relevant source of energy is available) would
be more than risky. An exception might be made in case of releasing an almost-ready-
to-move mass on a soft slope by the vibrations of an earthquake: in this particular case
the exciting energy per unit of mass, in spite of being far below that of the experiment,
still is large as compared with a kinetic energy that is just starting at zero velocity.

Little has to be added to the comments given in Sect. 5.5 with respect to the “vol-
leyball” models of Dent (1985) and Campbell (1989). For fluidisation similar basic con-
ditions have to be fulfilled as for lubrication: in first instance the effect of gravity must
be overcome if a more economic locomotion than given by mere friction shall be ex-
pected. With respect to the energetic situation, however, fluidisation is handicapped
by the simple fact that, as the mechanism must penetrate the thickness of a disinte-
grated mass (instead of the ideal array of highly energetic particles in a, certainly very
questionable, single layer as shown in Fig. 5.17), a dramatically increased number of
collisions between particles is indispensable. So even the moderate chance of a possi-
ble function on steep slopes, as given in Item 5 of Sect. 5.5, must be considered as more
than improbable in case of fluidisation.

Like the above-mentioned researchers also Hsii (1975), in setting up his often-cited
study, stood, on the one hand, under the impression of the new results obtained by
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rapidly improving astronautics. So he considered the problem of long run-out in the
absence of an atmosphere as a serious question. On the other hand, he was fascinated
by various more or less old publications, in first instance those by Buss and Heim (1881),
Heim (1932, 94-95, 104-105), and Bagnold (1954, 1956). It seems that on this basis he
came to the idea that “flowing” - and therewith also long run-out capacity - is similar
in fluids and long run-out rockslides, and that this similarity exceeds the trivial form
of visual perception, thus being valid also in a physical sense. So the conclusion is
presented that Bagnold’s claim for a real fluid, in which solid particles can be dispersed,
somehow must come true even in the waterless environment of a celestial body. As a
final consequence it is declared that the part of a fluid is played by dust and that “...
one can easily fancy a stream of colliding blocks swimming with terrifying speeds in a
sea of small stones and dry rock powder...” (Hsii 1975, 135-136).

Both the choice of references and the conclusions cannot pass without comment.
In fact, Heim’s arguments on the subject, despite their realism in many points and their
literary beauty, in other respects suffer a certain lack of physical coherence (s. the
critical remarks in Sect. 5.1). And Bagnold hardly would have given his consent to the
application of his results to anything differing from solid bodies dispersed in real flu-
ids. So,in order to attribute to dust the qualities of a fluid, its analogy to a fluid would
have to be proved in a physically plausible manner. Unfortunately this proof has re-
mained unsaid. In fact, besides a tentative calculation of the dispersion’s density Hsii
(1975, 136) and the interpretation of the result as a “... mixture of one-third dust and
stones and two-thirds air or vacuum ...”, there is little information that might give a
hint about the manner in which the dispersion would be introduced between ground
and blocks and how it would act to reduce friction or replace it by a more economic
mechanism accessible to physical analysis (in particular if two thirds of said disper-
sion consist of vacuum, p. 136).

There are, in addition, other points provoking contradiction. For instance, a state-
ment immediately following the discussion of Bagnold’s work and running as follows:
“... asingle element... present at Elm and Blackhawk, on the Earth and on the Moon...
could be the dispersion of fine debris particles between colliding blocks, ... the dense
dust cloud...” An implication of this statement is that the dust cloud is approximately
equally dense on the Earth and on the Moon. This, however, is far from being granted.
The influence of aerodynamic drag, as demonstrated at length in Sect. 5.3, enables large
particles to reach dramatically farther than small ones. Now on the Moon there is
practically no atmosphere and no drag. This means that large and small particles, when
shot under equal initial conditions, accomplish equal almost parabolic trajectories.
And in case of being accelerated by a collision, the smaller particle undergoes more
acceleration than the larger one (Sect. 5.7). In other words: on a celestial body with
no or almost no atmosphere small particles as a rule reach farther than others, and
the cloud, instead of being kept together by drag, turns out to become flimsy and wide-
spread. In such instances it is at least questionable whether the dust for the proposed
mechanism is at all available.

This is not the unique point in which more attention should be paid to the differ-
ences between celestial bodies. On the one hand, in release, a reduced gravity allows,
assuming equal strength of the involved materials, for a larger mass accumulation
before fracture takes place; on the other hand, in descending, a reduction of gravity
means reduced velocity and, for a given size of the mass, a reduced kinetic energy,
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thus possibly making the mass unable to cut away a given obstacle that would not
subsist with a higher gravity. So the uncommented introduction of the giant Moon
rockslide Tsiolkovsky in a figure showing terrestrial events might entail undue mis-
understandings (Hsii 1975, 139, Fig. 7). The comparison of rockslides on different ce-
lestial bodies is more difficult than it might appear at first sight. More than that: the
size of the best-known extra-terrestrial events exceeds that of the largest slides on
Earth so much that the extrapolation of any size effect becomes questionable. We sim-
ply do not know whether the Tsiolkovsky slide on the Moon, with a mass six times
that of Saidmarreh on the Earth, when looked at from a Lunar point of view, really is
a long run-out event or not.

In spite of such disappointing results, a conclusive rejection of Hsii’s idea would
remain questionable if not based on physically indisputable arguments. Very prob-
ably the unique conceivable possibility of dust as a fluidiser would be a dynamic one
whereby the dust would separate the larger particles from each other and from the
ground by multiple mechanisms as illustrated in Fig. 5.17 and discussed in connec-
tion with Dent’s and Campbell’s studies. Now this mechanism has proved to be near
to useless in lubrication, under conditions far more favourable than in the case of dust
(larger dynamic particles in one or few layers); so the chance of dust as a fluid-like
fluidising medium must be considered as non-existent. In fact, the only advantage that
motion possibly may draw from dust, is the reduction of Coulombian friction obtained
from smoothing the effective rugosity (Fig. 2.25, 2.26b; remarks on track-making in
Sect. 5.4).

*

As if there were some sort of famine of interesting ideas in the field of fluidisation,
a further possible mechanism was proposed by Melosh (1979, 1983), Goetz (1981), and
Goetz and Melosh (1980). This time the work was the result of more than intuitive
argument: it was backed up by physically well-founded considerations and presented
in a form allowing to check the line of thought, equation by equation. The object was
acoustic fluidisation.

To grasp the basic idea, it may be useful to consider a very simple model (Fig. 5.20)
or to set up an equally simple experiment. Imagine a plane table, slightly tilted by books
under two of its legs. A brush, standing on the bristles, is located on its top. Now the
tabletop is slightly knocked with a plastic hammer. If the slope angle is well adjusted,
at a certain intensity of the knocks the brush will accomplish a short sliding displace-
ment after each knock and than come to a rest. Well-calibrated serial knocking will
generate a quasi-continuous creeping motion. The process is almost trivial. Before start-
ing the experiment, a number of bristles are in contact with the tabletop (Fig. 5.20a).
They are slightly bent by the tendency of the brush to slide. Now let, for the sake of
simplicity, a single transversal shock wave (climax looking down) run along the table.
When passing below a row of bristles, it will unload them and let them straighten, si-
multaneously increasing load and bend of the other bristles, and thus allowing the
brush to accomplish a minute displacement (Fig. 5.20b). The same occurs at each of
the rows so that after the wave has passed the entire length of the brush, said “micro-
steps” have added up to a perceptible displacement (Fig. 5.20c, d).

It is obvious that in a rockslide a gamut of most vigorous acoustic signals is active,
and that their superposition makes possible particularly high peaks. Melosh demon-
strated that such peaks can reach values allowing momentary separation of the con-
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Fig. 5.20. Acoustic fluidisation,
simplified model demonstrat-
ing principle. a Acoustic wave
(symbolised by single uneven-
ness W) approaches mass sup-
ported by legs I, I1, I1I (elastic
mainly in shear); deformations
of legs are equal (s. figures at
bottoms of legs and reference
lines). b, ¢, d By successively
reaching legs I, I, 111, wave
annihilates the respective loads,
and legs are reset to no-load
positions, thus increasing loads
and deformations of legs re-
maining to support mass, Pro-
cess results in displacement of
mass (s. figures at top right of
mass and reference line at the
right) (sketch by Erismann)

tacting surfaces, each separation potentially entailing a local annihilation of shearing
stress and a discharge of elastic energy, accompanied by increased stress and defor-
mation at the remaining contact points and - as essential effect - an incremental dis-
placement of the considered portion of the mass. More than that: it was showed that
the acoustic energy necessary to “run the show” is far smaller than the frictional en-
ergy that would have to be overcome in accomplishing an equal displacement. In prin-
ciple, acoustic fluidisation is suitable for function as a mechanism increasing reach if
the configuration of parameters is favourable.

Certain conditions are trivial and easy to explain. For instance the wavelength of
the acoustic signal must be shorter than the considered portion of the mass (if it were
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distinctly longer than the entire mass in Fig. 5.20, no differentiated unloading of legs
one by one would be possible) and longer than the directly involved elements; in a
disintegrated mass this refers to the characteristic grain size (if in Fig. 5.20 the wave
were definitely shorter than the contact length of a leg, reasonable unloading again
would be impossible). An energetic limitation lies in the Jast-mentioned condition as
a sufficient vibrational energy requires, of course, a reasonably high frequency.

More problematic is the rapidity of attenuation. It is raised as an open question in
the publication of 1979 (p. 7516). It is, however, taken for granted that propagation of
acoustic waves from particle to particle functions well in view of the particles remain-
ing in contact with one another (1983,161). This last statement is not eo ipso certain in
the dramatic motion of a rockslide, and it should not be forgotten that the main source
of acoustic signals is given by collisions which would not occur if contact were con-
tinuous.

These open questions have, of course, a substantial weight; yet probably the most
important problem which apparently was somewhat underestimated by the authors
of the publications referred to, is a geomorphological one. In the present section (as
in various others) it was stressed that in most rockslides the sequential order of com-
ponents is preserved. This is impossible in a laminar flow in which the top of the mass
continuously overtakes the lower portions, thus necessarily leading to a reversal of
sequence. Now it is postulated that the pressure-dependent distribution of apparent
viscosity, as experiments showed, may induce a rate of flow depending on stress (and
depth) by a power of up to eight. Figure 5.21 shows a graph of this relation. Obviously
the velocity gradient is far higher in the lower than in the top layers of the mass. Still
about 20% of the mass takes part in this gradient. So it is easy to imagine that over-
taking — and therewith also a certain distortion of the sequential order - is not avoided.

Fig. 5.21. Acoustic fluidisation, 1.0
standardised representation of
equilibrium velocity v (for defi-
nition s. Fig. 5.19) against dis-
tance from ground h (referred
to respective values v, and H
on top of mass), assuming, in
accordance with Melosh (1983,
162), that v is a linear function
of the eighth power of h. Figure 0.6
shows that near-to-ground por-
tions of mass are definitely
overtaken up to at least h/
H=o0.2. After a certain dis- 04
tance, distortion of the se- :

quential order necessarily /
must occur (sketch by /

Erismann) /
0.2

0.8

h/H

V/Viop
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The conclusions resulting from these arguments can be formulated as follows.

11. Acoustic fluidisation, as being physically plausible, is a mechanism not entirely
excluded in rockslides.

12. Insufficient knowledge of difficult-to-determine parameters makes impossible, at
the time being, a definite judgement.

13. As the prevailing mechanism in long run-out, acoustic fluidisation is excluded by
the incompatibility of the laminar (though non-linear) character of the resulting
flow with the frequent geomorphological occurrence of preserved sequential or-
der of components

*

Fluidization apparently is a particularly fascinating field able to motivate the crea-
tive imagination of researchers. If the proposed solutions do not in every respect com-
ply with the visions of their authors, this is mostly due to the initial situation from
which the approach to a problem was started. Such is, more or less, the fate of all work
done under the rule of trial and error.
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5.7
Various Mechanisms

By no means should the title of the present section be misunderstood as meaning
something like “miscellaneous trifles”. On the contrary, the mechanisms discussed
hereafter not only represent a substantial scientific interest: in certain conditions some
of them also may play a decisive part in questions of life and death. And their being
integrated to form a section is neither due to insignificance nor to a common physi-
cal basis but to two simple facts: each presentation of a mechanism, if included in the
appropriate description of a key event, would appear too long; to fill a separate sec-
tion, however, it would be too short. So, as a compromise, the formation of a some-
what multicoloured section was decided.
*

The systematic use of curves in an essentially horizontal plane (hereafter denomi-
nated as “horizontal curves”) as “built-in speedometers” has been presented in the
context of Pandemonium Creek (Sect. 2.2), and certain difficulties of the method (due
to the dynamic behaviour of the mass) were alluded to in the case of Huascardn
(Sect. 2.7). In addition, examples of sharp curves as sources of energy dissipation were
mentioned in the descriptions of Pandemonium Creek (Sect. 2.2) and Val Pola (Sect. 2.5).
In the literature, besides McSaveney’s (1978, 227) and Kérner’s (1983, 96-97) remarks
on velocity measurement as well as the comments by Nicoletti and Sorriso-Valvo (1991)
demonstrating links between geometry and energy:dissipation, little systematic ana-
lytical work is available. So it may be worthwhile to recall in short some - admittedly
almost trivial - fundamentals. This is done with a side glance at Coulomb’s hypoth-
esis which, in spite of not being the unique braking mechanism, at the end of the
present chapter appears as particularly important.

The centripetal acceleration in a curve normally is expressed by

v—2=a:R§22 (5.32)
R 53

be it as a function of velocity v and curve radius R or as one of R and angular velocity
v/R = Q. This equation can readily be applied for the centre of gravity of a coherent
mass and for disintegrated masses in which R is sufficiently large as compared with
the lateral extension of the mass (so that errors due to the use of an averaged radius
may be tolerated). As soon as a narrower radius has to be considered, various uncer-
tainties become unavoidable, especially in prediction.

First of all, it is not clear a priori how far, within the mass, a transfer of momentum
takes place in longitudinal and/or transversal direction. The respective amounts do
not entirely depend on the geometry of the track and velocity: also, possible aniso-
tropies in the cohesive capacity of the (mainly disintegrated) mass may play an im-
portant role, in particular if disintegration at the considered point is only partial. As-
sume, for instance, two such semi-disintegrated masses, both essentially consisting
of rather large clasts, easily passing through curves, but confined to move with their
longest axis in the direction of displacement. Now let these clasts in case a (Fig. 5.22)
be wide enough to be forced into a motion one be one, in case b let them be slender
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Fig. 5.22. Mass in horizontal curve (motion from left to right), various configurations of determin-
ing features. a Dominance of large blocks with high lateral friction forcing surrounding debris into
motion with equal angular velocity and thus opening cracks at begin and end of curve (stained areae
marked by arrows). b Dominance of slender, slippery blocks allowing debris to maintain velocity so
that inside overtakes outside (arrow). ¢ Mix of a and b under more current conditions with outside
compressed to block by centrifugal force, thus opening crack at beginning of curve (stained area
marked by arrow); inside able to partly maintain velocity, thus overtaking outside and, at distal end,
partly changing side (sketch by Erismann)

so that several such “needles” or “columns” can travel side by side. In both cases let
the large clasts be surrounded by smaller particles.

When mass a enters a curve, the large clasts force the smaller particles in between
(and, by interlocking and frictional effects, most of the finer-grained material) to take
part in their merry-go-round motion. This means that the resulting angular velocity
Qis equal for the major part of the mass. Thus centripetal acceleration is best expressed
by the right side of Eq. 5.32, and it becomes immediately evident that it is proportional
to the local radius. So the surface of the disintegrated parts of the mass becomes part
of an - obviously concave - rotary second-order paraboloid. In such instances the
assumption of a straight cross-section (as normally assumed) is nothing but a first
approximation in which the error can be determined, at least in well-defined cases.

In case b things may be totally different, provided that relative frictional losses
between the slender clasts are low (despite their lateral compression by centrifugal
forces). To make things clear, negligible friction is assumed as a consciously exagger-
ated working hypothesis. Under such conditions, the large clasts — and with them prac-
tically the entire mass — will maintain their velocity,and the expression on the left side
of Eq. 5.26 becomes appropriate. Contrarily to case a, equal v means a centripetal ac-
celeration inversely proportional to the local radius, and instead of concave the sur-
face of the mass, in assuming a logarithmic cross-section, becomes convex. In addi-
tion, inside clasts overtake outside clasts.

Fortunately, tentative calculations of realistic examples did not yield dramatic
speedometric discrepancies between the two cases. In addition, it is not excluded that
in a mass elements of both cases may act jointly in a mixed form: In the outside por-
tions of a disintegrated mass centrifugal forces, in compressing the particles laterally,
increase the tendency to behave like a coherent block, thus favouring case a. The in-
nermost particles, on the contrary, as subjected to a far lower centrifugal compres-
sion, have a better chance to maintain their pre-curve velocity, in particular if a low
thickness of the mass excludes high vertical compression. In such instances case b is
not excluded: the inner portion overtakes the rest of a mass and, once having done so,
changes to the outside of the curve (Fig. 5.22c). In a meandering valley such changes
of position may occur repeatedly in both directions, thus creating a somewhat jum-
bled accumulation of clasts at the very distal end of the mass.
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All in all, the speedometric aspect of concave and convex surfaces in curves turns
out to be less disconcerting than might have been suspected at first sight. The consid-
erations required to clear the situation, however, have given the possibility to have a
cursory glance at the fascinating complexity of a disintegrated mass in motion, even if
looked at in a massively simplifying manner.

*

There is, unfortunately, another aspect which makes questionable the speedometric
approach to horizontal curves, and this aspect is far more problematic than the above-
discussed one. As announced under Heading 2.7, it has to do with the dynamic behav-
iour of an essentially disintegrated mass, able to move laterally, in principle like a gi-
ant pendulum.

The core of the problem consists in the fact that a pendulum, when subjected to a
force deviating its position of equilibrium, does not immediately assume the respec-
tive new position. According to the determining parameters (in first instance amount
and duration of the exciting force, natural frequency, and damping effects) the pen-
dulum may give dramatically different answers. And this is true for one single cycle as
well as for a sequence of many oscillations. This fact is of particular importance in
case of a mass moving through a meandering valley: seldom a succession of curves,
when correlated with the velocity of the mass, may be expected to occur in an array
entailing a constant frequency of excitation.

Figure 5.23 shows impressive examples of what can happen to an undamped pen-
dulum excited by nothing but a succession of not more than two short force pulses (func-
tions represented as rectangles for the sake of simplicity). From a, b, ¢ it can be ob-
served that the amplitude of the answer is less than proportional to the exciting mo-
mentum (expressed, in a plot against time, by the area of a rectangle). In parentheses
it may be remarked that such proportionality is obtained for a so-called ballistic pen-
dulum (in which the duration of excitation lies far below that of a period in natural
oscillation). Example c, besides the mentioned connection with a and b, also can be
seen as the start of a new series ¢, d, etc. in which two equal exciting pulses are sepa-
rated by an increasing space of time. c in this view is the zero-space starting point

Fig. 5.23. Answers of undamped pendulum (sine waves, for a, b also strongly damped, s. dotted curves)
to various short excitations (rectangular functions). a, b, ¢ Increase of answering amplitude grows
with duration of short excitation, but less than in proportion thereto. ¢, d Answers to two equal sig-
nals separated by growing time lag show that from boosting to annihilation the difference in exciting
functions is minute. d, @ Inversion of annihilating function means resonance (sketch by Erismann)
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(s. broken line in ¢). The transition from c to d is particularly impressive: a second
identical exciting signal, following the first after a well-defined delay, not only can fail
to increase the effect of its forerunner, it even can completely annihilate it (a phenom-
enon technically used in certain noise abatement systems in which a servo-control-
led loudspeaker “kills” the acoustic emissions of a source of noise). Finally, example e
shows a typical case of resonance in which a negative signal shifted by half a period
doubles the effect of the first signal. A positive one shifted by a complete period and
thus continuing c, d, etc. would do as well.

It is well understood that in reality the differences usually are less dramatic than those
shown in Fig. 5.23. On the one hand, in the figure the most striking (though certainly
not impossible) cases are picked out; on the other hand, undamped oscillations are
presented while in reality a certain damping effect must be expected. To give an idea of
the attenuation entailed by strong damping, in Fig. 5.23 (a, b) dotted curves show arbi-
trarily chosen effectively damped oscillations (attenuation by a factor 1:16 in a period).

Provided that friction is mainly Coulombian (an assumption certainly justified as
a first approximation), the trivial relation

. Vy
My = psinatan— (5.33)

Vx

expresses the apparent coefficient of friction 4, in transversal direction as a function
of the actual coefficient of friction y, the transversal (i.e. pendulous) velocity v, of the
mass, and its longitudinal velocity v,. The trigonometric expression, perhaps some-
what disconcerting at first sight, serves to extract the transversal resistance from the
oblique motion occurring against the resistance proportional to u (Fig. 5.24a). It will
be observed, by the way, that Uy contrarily to y, is not constant but a function of vy
Nevertheless a simple, easy-to-apply method for the quantitative determination of
damping is given.

Use of this easiness was, for instance, made in the calculations mentioned under
Heading 2.7 in connection with the motion of the Huascardn mass in and after Shacsha
Narrows. The method might as well have been applied to Pandemonium Creek; tenta-
tive calculations have, however, shown that corrections in the particular case would have
been comparatively small. The basic differential equation used for Shacsha Narrows was

dv 2 v
Dy v2 {42 \osinatan 2
7 "R + (dx )g smatanv (5.34)

X

where t is time, x the longitudinal, and z the vertical displacement. The terms on the
right side of the equation require some comments. As R is the local radius of the track,
the first term expresses the effect of centripetal acceleration. The second term, pro-
portional to the local (descending) slope dz/dx, is the driving agent within the sys-
tem, and the third, proportional to y, is its braking counterpart. The proportionality
of these two terms to gravitational acceleration g needs no explanation, and the trigo-
nometric factor already has been commented here-above. Attention: as dz/dx and u
are used without trigonometric corrections, these terms are valid in the presented form
only for not too steep a descent.
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a 0.3vy 0.5v, 0.7vy

atan0.7 u

0.287u 0.447u uy = 0.573u
b 0.3g 0.5g 0.7g

1.04g 1.12g 1.22g
g \

Fig. 5.24. Trigonometric effects in curved and straight motion under Coulombian friction.
a Resistance against transversal component v, of velocity, expressed as fraction of total coefficient of
friction u (longitudinal component is v,); friction is opposed to resulting velocity; attention: for small
quotients v,/ v, trigonometric expression sin(atan(v,/v,)) can be replaced by vyl vy b Horizontal cen-
tripetal acceleration (expressed on top as fraction of coefficient (1) increases total acceleration
(s. diagonal arrows) and accordingly frictional force. ¢ Top: in track of circular cross-section, most of
force F resulting from weight and centrifugal force acts almost at right angles to ground so that sel-
dom corrections are required. ¢ Bottom: in track of rectangular cross-section, each component (gravi-
tational and centrifugal) of force F has to be accounted for at full scale. d Wedging effect in straight
track; weight F is split into components F; and F,, thus increasing friction (sketch by Erismann)

In the present context the reader’s attention should be drawn to four essential points
which, in spite of being implicitly comprised in the above equations, might be over-
looked. (1) The expression sin[atan(vy/ v,)] is required only if vyl vy is substantial (say,
at least 0.3, s. Fig. 5.24a); for small values it can be replaced by vyl vy, thus making the
equation linear in v,. In any case, (2) the coefficient M, is smaller than p (for low vyl vy
even much smaller) so that damping may be lower than expected at first sight. All in
all, (3) damping is nearly proportional to the lateral velocity in spite of friction being
Coulombian. The proper introduction of the topographic parameters (4) requires a
step-by-step input to Eq. 5.34.

The application in the case of Huascardn confirmed the presumption that, to be
reliable, speedometry based on superelevations requires a careful analysis of resonance
effects to avoid unexpected (negative as well as positive) errors.



234 Chapter 5 - Mechanisms of Displacement

Once the question of trigonometric effects having been raised, another aspect of hori-
zontal curves should not be omitted. The total force transmitted to the ground, by vir-
tue of including a centrifugal component, is increased. For strictly horizontal direction of
said component the increase is shown in Fig. 5.24b. It is negligible for centripetal accel-
erations small in comparison with that of gravitation. In such cases also the resulting
increase of lateral frictional resistance (if Coulombian or similar) can be neglected.

If the increase of total acceleration is large enough to be accounted for, the geom-
etry of force transmission to the ground has to be considered. For example, in a valley
of circular cross-section, adding a centrifugal force to gravitation does not change the
geometric conditions of force transmission (Fig. 5.24c¢, top). If, however, said section
is essentially rectangular, the centrifugal force acts at right angles on one side-wall
and has to be accounted for at full scale (Fig, 5.24¢, bottom).

This phenomenon is obviously nothing but a special case of a rule valid for all kinds
of tracks, no matter whether curved or not. In fact, any wedge-like cross-section in-
creases the forces acting onto the ground and therewith also Coulombian or similar
friction. Figure 5.25 shows an impressive demonstration in a simple experiment. The
highest amount of force increase is obtained if the force (which may be single or re-
sulting from more than one component) lies in the plane of symmetry between the

Fig. 5.25. Experiment showing
wedging effect upon single
pebble in inclined plastic box.
a Pebble on plane surface.

b Pebble in 90° inside edge
between two planes. For obvious
reasons slopes look steeper
than they are; ultimate angles
before release were 20.2 and
28.6°. Tangents thereof yield
quotient 1:1.48, corresponding
fairly well to theoretical figure
1:1.41 if primitive set-up of
experiment is considered
(photos by Erismann)
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two involved walls and cuts their line of intersection at right angles, as for instance
the weight F, of a mass between two symmetrical slopes shown in Fig. 5.24d. Then
force amplification obeys the rule

K
cosB (5.35)

2F2 =

where F, is one of the two output forces and f§ the lateral slope angle.

If acting under perfectly favourable conditions, this wedging mechanism can com-
press a mass (both in coherent and in disintegrated state) with such a vigour that
motion either cannot start or, if already started, can be “strangled” to a full stop (it
should be borne in mind that 8 = 45° means additional 41%, and f§ = 60° additional
100% friction and that the longitudinal motion through the wedge reduces transver-
sal friction practically to nought). This is, at least theoretically, an effect antagonising
that of channelling as discussed in Sect. 5.1. The postulated “perfectly favourable con-
ditions”, however, cannot be considered as a frequent case: most events, even if pass-
ing through a narrow track with steep lateral walls (s. the sections of Shacsha Nar-
rows in Fig. 2.54), remain far from such dramatic conditions so that, as a rule, the in-
fluence of channelling is not effectively compensated. Yet in exceptional cases it may
be worthwhile to look at wedging in more detail.

*

After this excursion to a more general field, the discussion of curved tracks should be
closed by some short comments about “vertical curves” i.e. curves in an essentially verti-
cal plane. For a simple reason these curves are far easier to quantify than their horizontal
counterparts: the centripetal acceleration, calculated according to Eq. 5.32, usually can be
superposed to gravitational acceleration without substantial corrections. Errors thus com-
mitted seldom are large enough to be taken into account in a calculation in which an ac-
ceptable accuracy in estimating the most important parameters (for instance the coeffi-
cient of friction) is the real problem. As a matter of fact, the highest accelerations in verti-
cal curves often occur in points where displacement is approximately horizontal.

This is particularly true for transitions from descent to run-up, one of the most
frequent phenomena in rockslides (s. especially Sect. 2.2,2.4,2.5). And in such instances
centrifugal forces may be very substantial. Take the example of Val Pola (Sect. 2.5) where,
according to the author’s calculations, the centre of gravity of the mass entered a ver-
tical curve of, roughly speaking, 600 m radius at a velocity of about 75 ms™". Thus
Eq. 5.32 yields a centripetal acceleration in the range of 0.96 g so that the pressure upon
the ground - and therewith the Coulombian friction - practically was doubled! But
also without run-up, for instance in the transition from the steep wall of Huascaran
to Glacier 511 (Sect. 2.7 6.2), impressive accelerations are observed. The combination
of R~ 500 m and v = 97 m s”! results, at the entrance of the transition, in about 1.92 g,
twice as much as calculated for Val Pola! It is a curious fact that the occurrence of such
excessive compressions apparently has not been commented as sensational in the lit-
erature (not to speak of a systematic consideration in velocity calculations...).

The effect of force reduction in case of the curve’s centre being located below the
track is, perhaps, even more dramatic. In fact, a reduction by approximately one half
needs, at a quite frequent velocity of, say, 50 m s}, no less than a radius of 500 m. And
Coulomb’s rule may be correct or not, there can be no doubt about the fact that fric-



236 Chapter 5 - Mechanisms of Displacement

tion fades out when compression approaches zero. Nevertheless only the spectacular
phenomenon of taking off is usually reported while considerations about reduced
friction as a consequence of centrifugal force excel by rarity.

Obviously it will take some time until the importance of vertical curves will count
like other established facts in the minds of those who deal with rockslide dynamics.

Perhaps a simple mathematical trick may help to overcome the reluctance against
the quantitative treatment of vertical curves. Imagine a transition from a steeper to a
softer section of a slope, with a short length L, a small radius R, and a moderate angu-
lar difference Af. Now consider Eq. 5.32 and assume an extremely low radius. Then
centripetal acceleration becomes large enough to allow neglect of g over the short time
of transition. So the process of braking can be treated with (1a) as unique decelera-
tion. The respective differential equation can be written in the form

dv  pvdt  udL

L1 AP nddid S it .36

” R P (5.36)
where v is velocity and t time. Integration yields

vy = vy el THAD (5-37)

where v, and v; are the velocities before and after transition, while Af = L/ R is obvious.

The trick consists in the fact that in Eq. 5.37 no influence of size appears. In other
words: the entire braking process can, by reducing R and L to infinitesimal minute-
ness (and without influencing the result), be contracted to the point of intersection P
between the two sections of track (Fig. 5.26). There remains only the error due to the
dissimilarity of lengths between the angular path P,—— P—— P, and the circular path
Py—> Py. And this dissimilarity, expressed by arc(Af/2)/tan(Af/2) - 1, refers to a
small part of a track and is small for moderate angles (1.0% for 20°, 2.3% for 30°, 4.3%
for 40°). Its influence is confined to forces of non-centrifugal nature.

It might be added that, if the ground’s hardness is lower than that of the moving
clasts, the coefficient of friction pt in Eq. 5.37 is distinctly higher than under less dra-
matic conditions: a considerable amount of external energy is dissipated by “ploughing”
which assumes a pulsating character as a consequence of repeated internal collisions.

A practical application of the method will be presented in Sect. 6.2.

Fig. 5.26. Velocity reduction
vo—> v, by centrifugal effect
upon Coulombian friction in
transition from steep to smooth
track section. As radius R is
eliminated in Eq. 5.37 braking
effect can be concentrated from
curve P,— P to point of inter-
section P. Remaining error is due
entirely to non-centrifugal forces
along the minute difference of
length between curve Py— P,
and angular path P)—> P— P,
(sketch by Erismann)




5.7 - Various Mechanisms 237

In the discussion of collisions between bodies the scope of Sect. 4.2 forbade the
mention of certain implications which may play an important role in the course of a
rockslide or a rockfall. In first instance such implications are found in the “no-man’s
land” between the core of an event and its environment. It is not useless to consider
more in detail these marginal regions, not directly threatened by total destruction but
dangerous enough owing to the sporadic presence of clasts, be they isolated or in small
clusters. As will be shown hereafter, the tendency to spread out in this manner is in-
herent to any disintegrated mass.

In the comments to Fig. 4.5 it was omitted on purpose to draw the reader’s atten-
tion to the further development after the last collision of the series. Now it will be
observed that, by the end of the 551 milliseconds considered, the most proximal par-
ticle is the slowest of all. So, if the serial collisions will remain the only acting mecha-
nism, this particle will for ever and ever remain behind, continuously increasing its
distance from the others and thus no longer taking part in the process of equalising
velocities described under Heading 4.2. And what will happen at the distal end of the
group? The velocity of the remaining particles increases from the leading to the trail-
ing end. So, irrespective of previous internal collisions, sooner or later (during the two
following seconds) the most distal particle will be hit from behind and accelerated to
a higher velocity than the rest. Therewith its fate will be sealed in perfect symmetry
to that of the most proximal: it will for ever and ever hasten away, beyond the reach of
the others. And the process thus described will not be terminated: the second parti-
cles at the distal and proximal end will now undergo the same kind of expulsion,
though, owing to the reduced internal kinetic energy (Sect. 4.2),in a milder form. The
generalised conclusion to be drawn from this simple mental experiment is obvious:
collisions between the particles of a disintegrated mass equalise velocities at the ex-
pense of spreading, beginning by the outermost particles.

Now in reality this process is far more complicated, though in principle analogous.
Above all, the tendency to spread, in spite of being ubiquitous both in longitudinal
and transversal direction, may be counteracted, mainly by lateral confinement. Even
in vertical (or quasi-vertical) sense such a tendency does exist, though entirely anni-
hilated by gravitation which forces back expulsed clasts even without perceptible loss
of their contribution to internal kinetic energy (this loss takes place in the collisions
after falling back). Anyhow, longitudinal “kicking” yields the most spectacular, and
probably also the most dangerous mechanisms of this kind.

Once again the reader’s attention has to be drawn to Sect. 4.2 where Eq. 4.6, 4.7, 4.8
express the basic rules of semi-elastic collisions. Now assume that a relatively small
particle m, is hit by a larger one, m,. Assume further that m,; in the moment of colli-
sion either is at rest (e.g. as belonging to the debris of an earlier event) or moves from
the opposite side to meet m, (e.g. falling back after having spent its kinetic energy in
a run-up). Let the masses be linked by m, = c,,m, and the respective pre-collision ve-
locities by u, = ~c, u, (where c,, and ¢, are dimensionless factors). Finally assume that
no energetic relevance must be attributed to secondary mechanisms (e.g. rotation of
the involved masses). In such instances the post-collision velocity v, of m;, by adjust-
ment of Eq. 4.8, can be expressed in the dimensionless form

n l—cuc, + ]+ Jc,

Uy 1+ ¢,y (5:38)
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Some of the results obtained by variation of the parameters determining this equa-
tion perhaps will be regarded as surprising.

As m; was assumed to be the smaller of the involved particles, the range 0 < ¢, <1
is considered. For c, the falling-back scenario after a run-up hardly will yield more
than u,/2 so that in principle o < ¢, < 0.5 would suffice; but for the sake of transpar-
ency (s. hereafter) the more complete range o < ¢, < 1 is adopted. For ] a single value
is taken into account, namely 0.7 as already used for Fig. 4.5. The quantitative results
within said ranges are shown in Fig. 5.27.

Two particular features are worth some special comments. On the one hand, a small
clast, when kicked forth by a larger one, can reach a velocity substantially higher than
that of the last-mentioned. If starting at rest, “amplification factors” between 1.5 and
1.7 are possible. If boosted by an initial reverse motion of the small particle, factors
may exceed 2.0. On the other hand, if ¢, equals J, the terms containing c, on the right
side of Eq. 5.38 cancel each other out, and the remaining terms yield unity. In other
words: ¢,, = ] purely and simply means v, = u,, no matter what amounts the involved
parameters may assume apart from this equality (s. horizontal line on level 1.0 in
Fig. 5.27).

While this second feature is little more than a mathematically interesting physical
coincidence, the first has the character of a serious threat. As mentioned here-above,
reach increases, roughly speaking, proportionally to the square of velocity. And this
is valid both in horizontal and in ascending motion. A certain moderating effect lies
in the fact that the mechanism is confined to the smaller particles of an event which,

Fig. 5.27. Kicking of small 22
mass m, by larger m, in

standardised form. Parame- 0
ters: ¢, = my/ my; ¢, =-uy/ uy: 20 ]

quotient of pre-collisional /
/

velocities, m; moving backward,

m, forward; v)/u,: quotient of /
velocity amplification, post- 18 =
collisional velocity v, of m, /

referred to pre-collisional L
velocity u, of m,. Dangerous 16
range is concentrated on

relatively small ¢,,, and high c,. /,—l 0.3

0.1
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being more or less solitary, are arrested faster than if moving within a large mass.
Nevertheless, a clast of one cubic metre, kicked by one ten times more voluminous
and speeding at nearly twice the velocity of the larger mass, is a formidable battering
ram. And, although not any spattered zone necessarily must be due to kicking, there
certainly exist many cases in which the probability of this mechanism is high, espe-
cially if in the tongue of the main debris very large boulders are found. An example
will illustrate the situation.

At first sight the blocks found by Eisbacher (1977, 238-240) on a shelf about 600 m
above the foot of the valley in the event of Avalanche Lake might give the idea of
having been accelerated to the estimated velocity of more than 100 m s™ by a mecha-
nism of kicking. An argument in favour of such a hypothesis would lie in the low
Fahrboschung (overall slope) of tan8° = 0.140. On the other hand, considering a
remarkably careful study by Evans et al. (1994), a rather continuous pushing by the
following core of the mass appears more probable than the brutal mechanism of
kicking: despite the small portion of only 2.5% of the total mass (which was 0.2 km?®)
having reached the shelf, number and size of the clasts on top of it fit badly into a
scenario of having been kicked. There are, however, few blocks of the mass which
were found almost another 9o m higher than the rest of the shelf lobe (pp. 755, 762).
They are assumed to have arrived at their present position by large bounces. It
cannot be excluded that this singularity (that reduces the Fahrboschung below
tan 6.5° = 0.132) is due to being kicked in the ascent to the shelf where small-scale fall-
backs would not be improbable. The required velocity at the crest of the shelf, some-
thing around 115 m s™' according to a tentative calculation using Eq. 5.11, is far from
prohibitive in the case of a smaller clast falling back and being kicked by an ascend-
ing larger one.

Anyhow, kicking, both in distal and lateral direction (as well as oblique in certain
cases), in spite of not representing the main danger of a rockslide or a rockfall, should
not be considered as a comparatively harmless fallout. It is a dangerous mechanism of
its own right and merits careful investigation, especially in connection with prediction.

*

In Sect. 2.2 (refer especially to Fig. 2.10) the transport capacity of a rapid water jet,
pressed out by the weight of a rockslide moving over water-saturated gravel of a val-
ley fill, was demonstrated. Here this capacity as well as its inherent sorting power will
be discussed quantitatively using a simplified model.

In principle the differential equation of an initially immobile single spherical par-
ticle of given density and given drag coefficient is considered in a vertical jet of water
moving at given velocity under turbulent conditions. The minimal parameters adopted
for velocity and particle size (20 ms™ and 0.1 m respectively) yield Reynolds num-
bers far within the turbulent range. And the velocities considered are by no means
exaggerated as 20 ms™' correspond to a rockslide thickness of not even 9 m, and
60 ms™' to one of 80 m (not to speak of possible additional dynamic effects in the
moment of hitting the valley floor). The other simplifications (shape of particles and
densities of both liquid and particles) entail a certain scatter and also may shift the
results systematically by several percent (plus or minus). Yet they cannot seriously
influence the general trends displayed by the results. A certain blurring due to una-
voidable collisions between particles has, in any case, to be expected.
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Assuming a drag coefficient ¢ = 0.5, velocities w and v for water and particles re-
spectively, and a water-to-rock quotient of densities 0,/ J; = 0.4, the acceleration

(5.39)

numerically is reduced to a = 0.15(w - v)*/ D - 5.886. As usual, g is gravitational accel-
eration. The twofold integration of this equation over time yields the gain in altitude z
that a particle accomplishes in time t (Fig. 5.28). Water velocities and particle diam-
eters serve as parameters.

Although Fig. 5.28 is almost self-explanatory, a short comment may be useful. A
definite, tough not dramatic tendency to sort the particles coarse on bottom is clearly
perceptible. This tendency is certainly somewhat reduced by the above-mentioned
blurring effect of collisions. Sorting intensity increases with increasing water veloc-
ity. This is particularly well perceptible when including into the comparison the sink-
ing travels shown at larger scale at the bottom of the figure. A remarkable fact, to make
an end: a water jet moving at no more than 20 m s™! is able to hold in suspense a boul-
der of more than 6 m in diameter!
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Fig. 5.28. Vertical transport of approximately spherical particles by water jet of given velocity.
D: diameter; t: time; w: velocity of jet; z: vertical travel. Attention: scales used for top and bottom
portions of figure are different. Mark almost lag-free motion at D = 0.1 m and levitation at D> 6 m.
Refer to Fig. 2.10 (sketch by Erismann)



Chapter 6

From Analysis to Prediction

In examining things present, we have data from which to reason
with regard to what has been; and, from what has actually been, we
have data for concluding with regard to that which is to happen
hereafter.

James Hutton

6.1
Some Fundamentals

So far, this book essentially bears an analytical character. It deals with mechanisms
which, when considered individually, readily can be used as a more or less quantita-
tive raw material for analytical statements. Their use in forecasting, however, besides
the necessity to get at the working parameters, depends on the possibility of insert-
ing them into a coherent line of thought intended to synthesise an event as a whole.
Such a logical backbone is required from the moment when a mass is released some-
where high in the mountains to its final standstill (and possibly that of other masses
mobilised by it) in the depth of a valley or a plain.

Certainly the most appropriate natural link in this context is velocity, by definition
the omnipresent parameter of motion which, in the course of an event, can drop
to zero only in case of a momentary singularity (e.g. in starting to fall back after
having spent the entire kinetic energy in running up). Anyhow, the importance of
velocity as a central parameter of mass displacement is such that the consequences of
an event practically can be estimated if velocity at any point of a track is sufficiently
well known.

And as, in the complex multitude of phenomena entailed by a mass of rocks rush-
ing downhill, a calculation of velocity a priori cannot be envisaged owing to lacking
knowledge of parameters, the necessary empirical basis for prediction consists in es-
tablishing start-to-stop velocity schedules of pre-existing events and in deducing
therefrom - as explicitly as possible - the required parameters. In other words: no
prediction without previous analysis is possible. As a consequence, Sect. 6.2 entirely
will be devoted to the processes used to determine velocity.

The respective situations of experts in analysis and in prediction are markedly dif-
ferent. Analytical work per se is not confined in time, libraries and data banks are
available on a world-wide scale, and high performance computers can be used to solve
complex numerical work in reasonably short time. Contrarily thereto, an expert fac-
ing the possibility of an approaching catastrophe is, in addition to the stress of being
responsible for hundreds or thousands of human lives, in a dramatically worse posi-
tion. The (1) available time is restricted and normally uncertain; work may occur (2) in
rough terrain, far from other means of communication than those carried along. So
the indispensable special outfit may be described as a (3) more or less reliable map,
and a (4) portable calculator or computer allowing to treat problems quantitatively.
Of course, the expert’s situation is greatly improved if he has at his disposal (5) the equip-
ment required for on-line, bi-directional information exchange with a well-equipped
scientific institution. It should, perhaps, be noticed in this context that all calculations
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required in setting up this book were, in spite of the immediate presence of more
powerful equipment, carried out on a simple 350-byte programmable calculator.

The most severe restrictions certainly are found in Item 1 where the lack of time is
mentioned in combination with an almost unbearable stress, further increased by the
uncertainty about the actually available space of time. Hence highly sophisticated and
differentiated algorithms - as might be expected in connection with certain sections
of Chap. 5 - normally must be replaced by relatively simple, easy-to-apply methods in
which a complex succession of physical mechanisms is more or less accurately reduced
to a black box model containing only few key parameters (Sect. 6.3; Ashby 1961). Es-
sentially, the necessity to simplify is not a problem of calculation; it is far more a ques-
tion of how to acquire, in due time, the parameters needed for prediction.

So it will be one of the main scopes of the present chapter to show that, despite the
partly Spartan postulates formulated here-above, the results obtained in a rapidly
prepared process of calculation - after careful inspection of the site and using com-
paratively primitive equipment — must by no means be less reliable than those known
from the literature, no matter how generously the latter had been endowed in terms
of working time and mathematical refinement. The nostrum that will pave the way
for such an issue has no mysterious features, it is, on the contrary, most trivial as it
simply consists in spotting and eliminating the main sources of errors and in selecting
methods which minimise the total amount of time to get reasonable accuracy. In the
review of errors required for the purpose it will, by the way, be found that at least one
of the major errors is “unforced” (in the sense of tennis jargon) inasmuch as it is not
an integrating constituent of a method, but the result of erroneous application. It also
will emerge that an increased degree of sophistication does not automatically war-
rant improved accuracy.

Of course, a long discussion might take place about the somewhat sibylline term
of “reasonable accuracy”, especially with respect to velocity. Such a discussion would,
however, bear a rather theoretical character as it is needless to say that the require-
ments in accuracy cannot be higher than dictated by the knowledge of determining
parameters and the simplifications subsisting even in case of a most sophisticated
method. So, while in analysis the best possible accuracy unconditionally has to be
aimed at, in prediction the philosophy of risk management has to be applied, for in-
stance by calculating the most probable and the worst possible cases and by taking
further decisions after due consideration of both.

Notwithstanding the circumstances of a particular event, the expert has to bear in
mind the fact that he risks nothing but his personal reputation of infallibility (or, at
the worst, the sympathy of an interested party, as might have occurred in the case of
Vaiont,s. Sect. 2.6) if he predicts an exaggerated reach, but that human lives are at stake
in the opposite case.
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6.2
How to Determine Velocity?

In the primeval times of quantitative work on rockslides and rockfalls the estimation
of velocity post eventum essentially was based on the determination of the time elaps-
ing between two positions of a mass. In the famous Elm slide (1881), for instance, a boy
had had the presence of mind to observe both the beginning and the end of motion
although in the meantime he was running for his life. From the distance he had cov-
ered the time of motion could approximately be deduced. So Heim (1932, 93) obtained
an average of about 50 m s™'. A similar situation is critically commented under Head-
ing 2.7 for the Huascardn event.

In Heim’s considerations about Elm some inconsistencies cannot be dissimulated. A
maximal velocity exceeding 100 m s™, more than twice as high as the estimated average,
fits badly with the 83.5 m s7! calculated later (p. 150) and with the idea of an almost imme-
diate transition from full speed to dead stop where “... nobody... could observe a slowing
down of motion...” (p. 93, translation by Erismann). These details are mentioned as fore-
runners of a general trend that developed later. Otherwise they would have passed
uncommented, eclipsed by Heim’s fundamental contribution to the quantitative treatment
of rockslides. As a matter of fact, in spite of not explicitly aiming at prediction, he was aware
of the high value inherent in an integral start-to-stop knowledge of velocity.So more than
half a century after the event of Elm, at the age of 83 and somewhat uncertain of his
recollection in physical matters, he addressed himself to his friend Miiller-Bernet, a
physicist. The respective section of Heim’s book (1932, 143-152), after the beautiful sen-
tences used as a motto for the first chapter of the present work, reports the wording of
Miiller-Bernet’s letter of August 17, 1932. This letter was no less than the first strictly
scientific approach to velocity in the investigation of downhill mass displacement.

The method has been described more than once in the literature. So hereafter the
shortest possible form will be presented. Consider a vertical section along the path of
the centre of gravity (CoG) of a mass in its displacement from release to stop (Fig. 6.1).
Draw a straight line E (the “energy line”) from the CoG of the ready-to-move mass to that
of the mass in its final position of rest. Obviously the slope tanf3, of the energy line repre-
sents the average of the slope on which the CoG has moved. Now assume a constant
Coulombian coefficient of friction g, = tanf,. This simply means that, if the CoG of the
mass were moving along the energy line instead of its real path, there would be a per-
manent, velocity-independent equilibrium between driving acceleration and frictional
deceleration. In other words, once motion somehow having been initiated, the mass
would gently accomplish its travel at constant velocity, entirely transforming the driv-
ing energy of descent into heat at the surfaces subjected to friction. In reality the CoG
passes at a vertical distance Az below the energy line. And the potential energy thus
released can be converted into no other form than kinetic. So, according to Eq. 2.1, at
each point of the track a velocity v = V(2gAz) results if g is gravitational acceleration.

Some comments may, despite their partly almost trivial character,be useful to avoid
misunderstandings.

1. The vector of velocity assumes, of course, the direction given by the motion of the
CoG at the considered moment. In other words, this velocity (except for horizontal
motion) is not identical with its horizontal component.
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2. It would be an error to believe (as might be concluded from certain publications)
that the velocity determined according to the energy line method is valid only for
a mass in coherent motion. In reality a physically conclusive claim to validity can
be laid for this method as long as one condition is fulfilled: that the summed up
energy-dissipating effects acting upon the elements of the mass result in a con-
stant quotient /. of total frictional resistance over total gravitational force exerted
at right angles upon the ground. In such instances the assumption of a spreading
process between start and stop, as shown in Fig. 6.1, represents no violation of
physical consistence.

3. In view of spreading and other mechanisms entailing an elongation of a disinte-
grated mass, it is obvious that its distal end may move slightly faster, the proximal
end slightly slower than the CoG which represents the mass as a whole.

4. The last sentence needs further specification as it is reasonable to apply the method
to the longitudinal section through the CoG. Lateral portions may move some-
what slower, especially if size (in principle thickness) effects are expected. In
such cases a certain correction would be required to establish the velocity of
the CoG of the entire mass. However, to account for the most dangerous (i.e. central)
parts of an event, such corrections will be abstained from. In other words: the
CoG of the central longitudinal section will be treated as if it were the CoG of the
entire mass.

Fig. 6.1. Velocity measurement by energy line method. A, B: Centre of gravity before and after dis-
placement; C: path of centre of gravity (note distance D from ground, generally reduced due to fad-
ing thickness of disintegrated mass, but locally increased in vertical curvature); E: energy line;
Az: elevation of energy line above path C, proportional to square of local velocity for constant coeffi-
cient of friction y; F: overall slope (Fahrbdschung), approximately parallel to and often misused as
energy line (result: exaggerated velocity); f,: slope angle of energy line; 3;: slope angle of Fahrboschung
(sketch by Erismann)
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The weak point of the method lies in one of its strong points, the simplicity. When
looking at the various effects presented in Chap. 5, the assumption of a constant coef-
ficient of friction appears questionable. Yet the fact cannot be denied that at least the
above-defined averaged coefficient of friction i, is determined correctly if the posi-
tions of the CoG at both ends are known. And it has to be accepted that, by virtue of
this fact, at least the average velocity cannot be dramatically wrong. According to
Sect. 5.2, the same applies also to the maximal velocity. These are sufficiently strong
arguments to refrain from immediately cancelling the energy line method from the
list of candidates on which prediction might be based. Further arguments will turn
up hereafter.

It was a strange irony of fate that, of all people, the creators of the method, Heim
and Miiller-Bernet, were first to falsify it by wrong application. As a matter of fact, in
his letter, after a correct representation of the principle (pp. 144-145), Miiller-Bernet
recommends that the energy line be drawn between the extreme limits of the mass,
i.e. top of scar and most distal debris. From a remark it becomes obvious that he had
in mind a forecasting system based, both in the previous analysis and in prediction
proper, on the total extension of the involved area. He forgot, however, that in the de-
termination of velocity only the path of the CoG counts. So in his longitudinal sec-
tion of the Elm slide the energy line is located at least 200 m higher than it should.
Figure 6.2, a slightly simplified copy of Miiller-Bernet’s respective sketch (p. 149),
shows, by the way, a second error of minor importance (and even slightly compensat-
ing the first one): instead of the path of the CoG, the surface of the debris was used to
determine velocity. Anyhow, a maximal difference in elevations of 356 m was obtained,
resulting in a velocity of 83.6 m s™. In the figure a more probable energy line, some-
what steeper than the one assumed by Miiller-Bernet, and the approximate path of
the CoG are represented, yielding Az in the range of some 180 m and a maximum ve-
locity below 60 ms™.

Certainly, the error thus committed might be considered as a rather amusing faux
pas of one who had effectively contributed to the scientific treatment of mass move-
ments - if its consequences were not found in an impressing majority of massive over-
estimations of velocities. Whatever the psychological background may have been, it

500 m
356

500 m

Fig. 6.2. Miiller-Bernet’s “original sin”. Instead of straight line E from initial to final position of centre
of gravity (4, B), connection F from crown of scar to most distal deposits is used as energy line. Veloc-
ity-relevant differential elevation is exaggerated by 356/180 m, in terms of velocity 83.6/59.4 ms™.. This
error has been adopted by many later authors, not excluding Kérner (simplified and generalised copy
from Heim 1932, 149; note slightly differing horizontal and vertical scales)
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is nothing but a fact that the once-committed error became current practice so that
even nowadays no velocity figure can be accepted without knowing how it was ob-
tained. More than that: the virus so effectively propagated over the scientific world that
other models of calculation caught the disease of using total instead of CoG elevations.
The methods of Francis and Baker (1977; s. Sect. 2.5) and Kérner (1976, 1977, 1983;
s. Sect. 2.7), both referred to hereafter, have by no means demonstrated immunity.

Dramatic are the cases where the CoG passes through a rapid transition between
two different slopes, in particular if a descent is followed by a run-up so that leading
and trailing portions of the mass simultaneously are high above the foot of the crossed
valley, thus lifting the CoG by many tens (or even hundreds) of metres. Impressive ex-
amples have been presented in detail for the fast events of Pandemonium Creek
(Sect. 2.2) and Val Pola (Sect. 2.5),and Avalanche Lake was shortly mentioned (Sect. 5.7).

Few are the studies in which a correct CoG treatment in speedometry is applied or at
least proposed as a possible improvement. At least for the three above-mentioned model
events as well as for Kofels (Sect. 2.4) such publications do exist. Consider the follow-
ing examples: for Pandemonium Creek and Avalanche Lake: Evans et al. (1989, 442,in a
marginal remark; 1994, 765, with sections showing CoG paths); for Val Pola: Crosta (1991,
104) and Kienholz et al. (1993, 305-309); for Kéfels: Erismann et al. (1977, 91-94, unfor-
tunately without stressing the importance of the point). In a general manner, Straub
(1997, 419) pleads for a correct use of CoG paths. A list of articles in which Heim’s and
Miiller-Bernet’s error has been adopted would turn out to be substantially longer...

*

Once the model of Francis and Baker, published in an article of little more than a
page (1977), has been mentioned, it is, perhaps, worthwhile to give a brief description
of its physical background. First of all, however, it should be pointed out that the Eq. 2.1
and 2.2, used in connection with Val Pola, contain the essence of the idea not only in a
notation coherent with that of the present book, but also in a more condensed form
than presented in the original. As already insinuated in the context of Val Pola, the
method is based on two assumptions, namely that (11) the effectivenesses of energy
conversion from potential to kinetic form and vice versa be equal and that (12) said
conversion comprises all relevant sources of energy dissipation.

In comparison with the constant [t method as proposed by Heim and Miiller-Bernet,
it is obvious that both yield equal results if the slope angles of descent and ascent are
equal and if the transition between the two phases is negligible. Francis and Baker,
aware of the last-mentioned fact, explicitly remarked that results would be modified
by a horizontal distance between the two phases considered. Still it must be added
that absolutely negligible transitions do not exist and that, on the contrary, their con-
tribution to energy dissipation is overproportional (s. considerations concerning ver-
tical curves with centre above ground in Sect. 5.7). Now in the constant i model the
transition counts at least on a basis of equal rights with other parts of the track. So
the model of Francis and Baker, being confined to special topographic conditions and
offering no advantage with respect to accuracy, certainly cannot be used as the uni-
versal means for determining velocity aimed at in this section.

Its incidental use is nevertheless justified in the rare occasions in which an almost
instantaneous first estimate is required for an event consisting of descent and run-up
with a short (though well-rounded) transition in between. The whole work required
is (21) estimating the elevations of the CoG before the descent, at its lowest position
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above the foot of the valley, and at the highest position of run-up; (22) forming Az,
and Az, by subtraction; and (23) calculating Az = V(Az,Az,) and v = V(2 gAz) in ac-
cordance with Eq. 2.2 and 2.1 respectively. But even in such instances the gain in time
is relatively small as the main work is spent in determining the approximate positions
of the CoG. And this work is required for any physically plausible model.

*

After this intermezzo a far more important approach has to be considered. Start-
ing with a review of the literature available at the time, Kérner (1976,1977 1983, 96-105)
developed the method that bears his name. In first instance his endeavours were influ-
enced by Voellmy’s work about avalanches (1955). On the assumption that the behav-
iour of moving snow is similar to that of liquids, Voellmy had postulated (1955, 214-216) a
similarity also for the coefficients of resistance. Speaking in the terminology of the
present book, he assumed that the basic differential equation of displacement corre-
sponded to Eq. 5.20 and that the coefficient of the quadratic term, c,, was inversely
proportional to the thickness of an avalanche. Thus he combined the dynamically
important introduction of a quadratic term with the quantitative expression of a size
effect - a remarkable performance.

It is not intended to discuss here the validity of Voellmy’s hypothesis for snow ava-
lanches. Only two subjects are interesting for this book: the fact that Kérner, unsatis-
fied with Scheidegger’s (1973) size-dependent prediction curve as well as Scheller’s
(1970), Mellor’s (1968), and Salm’s (1966) comments on velocity-dependent resistance,
made use of Voellmy’s model also for rockslides, including the mentioned role of thick-
ness as a determining parameter. So for resistance a model with two terms resulted,
one of which was constant, the other quadratically proportional to velocity. As can be
concluded from the remarks made in Chap. 5 (mainly in Sect. 5.4), this concept, con-
gruent with the mentioned Eq. 5.20, is promising in principle. In fact, rare are the oc-
casions in which resistances other than velocity-independent or dependent on the
square of velocity were claimed as being important.

Of course, to work with two parameters is necessarily more complicated than with
a single one - constant, to top it all. In Miiller-Bernet’s model, by drawing the line from
CoG to CoG (i.e. from departure to arrival) and measuring its inclination, the
parameter 4 is unequivocally determined. Here, on the contrary, an infinite multitude
of parameter combinations (U, c,) exists which can bring the mass from its initial to
its final position (when gt is increased, ¢, decreases accordingly). Somehow additional
information must be obtained to find the right pair of said parameters. Now each of
the combinations yields its individual total time of displacement differing from all
the others. Unfortunately, however, the total time is practically never known with suf-
ficient accuracy (Sect. 2.5, 2.7; here-above). So Kérner decided (31) to calculate an event
- i.e. to solve Eq. 5.20 with the sequence of local slope angles f§ as inputs - several times,
each time assuming another total time of displacement. The next step (32) consisted
in finding particular information about locally observed velocities (mainly from
bounces or run-ups). Finally, (33) by inserting these local results into the plot of ve-
locity versus distance, the combination best suited had to be found (Kérner 1976, 245,
1983, 97).

The further discussion of Kirner’s model has to be divided into two parts, one re-
ferring to the execution, the other to the inherent qualities of the method. The easier
task, dealing with execution, will be treated first.
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It is an almost tragic misfortune that Kérner (who really could have known bet-
ter), after having developed a remarkably clever method, immediately walked into the
trap that Miiller-Bernet so unconsciously, though perfectly camouflaged by Heim’s
great name, had set up for himself and others. All relevant longitudinal sections
(Korner 1976, 244, 1977, 102, 1983, 74) infallibly show erroneous energy lines covering
the total length of the event, from top of scar to most distal deposits. So the errors
criticised in Sect. 2.7 with respect to the local determination of velocity, despite a cer-
tain importance of their own, assume the role of spoilsports in a more important con-
text.

While errors thus committed are easily corrected (as far as the required positions
of the CoG can be determined in a satisfactory way), the inherent problems of the
model necessitate a more detailed discussion connected in first instance with the
coefficients u and ¢, in Eq. 5.20. The trouble lies mainly in the fact that these coeffi-
cients (like p in Miller-Bernet’s model) are used as if they were constant during the
entire travel. Kérner knew that this is not the case and expressed (1976, 235), in con-
nection with Salm’s (1966) considerations about higher orders of approximation, the
expectation that — despite inconsistencies in the physical interpretation of other terms
than constant and velocity-quadratic - more sophisticated formulations would be-
come necessary to account for en route variations of coefficients. This opinion cannot
pass uncommented. In Kérner’s model a higher order of approximation means a larger
number of points in which the calculated velocity can be made to comply with values
otherwise obtained. This would, however, occur at the cost of forcing the differential
equation into the Procrustean bed of fulfilling, besides the wanted velocity compli-
ances, the conditions of continuity inherent to the used algorithm. Yet the conditions
of a track by no means warrant such continuity.

Consider Pandemonium Creek as an example (Sect. 2.2). On the glacier, resistance
certainly was very low, perhaps even subjected to a reversal of velocity-dependence
owing to self-lubrication (Sect. 5.2, mechanism R; Sect. 5.5); also in the following de-
scent a relatively low resistance was given by lateral confinement; high energy dissi-
pation resulted from centrifugal compression in crossing the valley; running up and
back were additional sources of losses (it was with a good reason that Evans et al. 1989,
441, introduced a “hydraulic jump” to account for the two last-mentioned portions);
finally the “bobsleigh run” probably offered the possibility of pressurised water as a
lubricant in combination with efficient lateral confinement. All these portions of track
followed each other more or less immediately so that hardly a length exceeding that
of the moving mass can be envisaged for transition. From such evidence the question
arises how far at all Kérner’s twin parameter model or higher order algorithms can
improve velocity analysis.

A preliminary answer is found in Sect. 5.2 where, in Fig. 5.6 and 5.7, various mecha-
nisms are compared and, under Item 21, relatively low differences of maximal veloci-
ties are diagnosed. It certainly will be observed that mechanism N stands for a straight
energy line and mechanism Q for one due to velocity-quadratic resistance. A simple
mental experiment will complement this rather general statement by a somewhat more
specific comparison of energy lines associated with the two said mechanisms (Fig. 6.3).
Consider the purely quadratic mechanism Q in Fig. 5.7 running out on the soft slope
of diagram 5.7¢ (to avoid the theoretically infinite run-out on horizontal ground). As
done in Sect. 5.2, the resistance due to transition from descent to run-up is neglected.
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Fig. 6.3. Limits of Korner’s model illustrated by energy lines (all dimensions are in metres).
A, B: Centre of gravity before and after displacement (thickness of mass is assumed to be negligible);
straight line A — B: Korner’s energy line for ¢,= o in Eq. 5.20, identical to Miiller-Bernet’s model;
curved line A — B: Korner’s energy line for y=o, identical with curve Q in Fig. 5.7a and 5.7¢;
C, D: additional known points (at least one required to set up Kérner’s function); zigzagging sequence
of straight lines A — C — D — B: partial energy lines for ¢, = 0. Note rapid approximation of straight
and curved energy lines when additional points are known (differential elevations of 266 and 170 m
mean velocities differing by 14.4 ms™). Attention: for abruptly varying tribological conditions of
track, superiority of continuous line is questionable (sketch by Erismann)

In such instances, the line for quadratic dependence suggests a maximum velocity of
57.8 m s, the straight energy line (as postulated by Miiller-Bernet) one of 72.2 ms™',
i.e. 14.4 m s™! more - a substantial difference. As there is no way to decide which one
of these results is nearer to reality, two conclusions can be drawn: the maximal veloc-
ity is 65.0 £7.2 m 5!, and the mechanism may be anything between pure Coulombian
friction and velocity-quadratic resistance, i.e. between the two limits of Korner’s model
as given by one of the parameters u and c, in Eq. 5.20 equalling zero.

Now assume that two reliable velocity measurements are added, one at a horizontal
distance of 500 m from the point of release, the other at 500 m before the point of stand-
still. Let these velocities be in perfect coincidence with those given by the energy line
for quadratic resistance. Obviously there can be no objection against drawing a tri-
partite polygonal energy line from the point of release A to the point of standstill B
via both additional points C and D. The figure shows that in such a case not only the
suggested maximal velocity is almost identical for the compared methods (the differ-
ence being about 2 m s™): also the largest local discrepancy is halved to 77 ms™". In
discussing such results, a supporter of quadratic resistance might stress the coher-
ence of “his” energy line while an advocate of Coulomb’s rule, in view of the variety of
local circumstances, would describe as suspect precisely this quality. Neither would
be entirely wrong, and neither entirely right. As a matter of fact, except for particu-
larly steady conditions, the knowledge of velocity at four points of a track (two in
motion and two at rest), in spite of overdetermining Kérner’s energy line, turns out to
be too weak a basis for a complete start-to-stop description of the mechanism(s) of
displacement.

To exclude misunderstandings, it should be remarked that a purely quadratic
mechanism never has been envisaged by Kérner, and that it has been introduced here
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only to demonstrate the width of the field covered by his method and ranging between
¢, = o for the purely linear and y = o for the purely quadratic form of Eq. 5.20. The
main conclusion emanating from the presented line of thought is that said field nar-
rows down rapidly with any increase of the information beyond the “three-point”
minimum required to set up Kérner’s model. In other words: at least at the four-point
level of information as shown in Fig. 6.3 the practical value of a polygonal energy line
is competitive with a twin-parameter line. Thereby it has to be borne in mind that, as
far as physical correctness is considered, Korner’s solution is clearly superior; yet, as
everybody knows, the colour of a cat has little importance as long as it is efficient in
catching mice.

So far the problem explicitly was discussed on the basis of reliable speedometric
information. This is obviously in contradiction with the critical remarks made in con-
nection with the Huascaran event (Sect. 2.7). In view of possible errors of this kind, a
further argument might be raised in favour of a polygonal energy line: a wrong meas-
urement falsifies nothing but the immediately adjacent straight portions while in a
twin-parameter model the entire length of the energy line somehow reflects the er-
ror.

*

The reader might ask for a non plus ultra. Such ideally would consist in the possi-
bility to apply Kérner’s method to reasonably chosen, mutually independent portions
of the track. But where is an event giving away its secrets so generously that sufficient
information would be available for the purpose? Pandemonium Creek (Sect. 2.2) may
raise some hope in the “bobsleigh run”, but even the apparently simple measurement
by superelevation turns out to be more tricky than expected at first sight (Sect. 5.7).
So, at least for the time being, speedometry remains a difficult job in analysis...

This does certainly not mean that speedometry on the simple basis of polygonal
energy lines is hopeless in case of well-investigated events. The contrary is demon-
strated hereafter for the particular example of Huascardn (Sect. 2.7). Figure 6.4 shows
the longitudinal section of the - physically dominant - Matacoto lobe. The initial and
final positions of CoG (C, H) are admittedly estimated with moderate accuracy. It is,
however, easy to see that the resulting energy lines would not suffer drastic changes if
a displacement within a reasonable range would take place: the general character in
any case would remain intact and the parameters would be corrected by several per-
cent. The extraordinary length of the track entails a small scale so that the problem of
establishing the CoG path can be replaced by bearing in mind that this path lies a few
tenths of a millimetre above the line representing the ground. The straight line from C
to H is, of course, the classic energy line according to Heim and Miiller-Bernet (1932).
Its slope of 0.266 is slightly lower than what would - in anticipation of Sect. 6.3 - be
expected as Fahrboschung for an average event of 0.05 km® namely 0.284. So the first
impression might suggest little more than a near-to-normal event. But the reality is
quite different.

An attempt to represent the reality of Huascardn is shown by the polygonal energy
line in the figure. And this attempt is worth a couple of special comments. As the mass
from its start contained ice and, in addition, moved partly on Glacier 511, partly be-
tween lateral confinements, the “normal” coefficient of friction (mainly used between C
and E) was assumed to be 0.25, 1.e. somewhat lower than Fahrbéschung. D is a “jump”
used to account, according to Eq. 5.37, for the transition from the steep wall to Gla-
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cier 511. The energy loss was calculated on the basis of a local i of 0.4 and a difference
in slope angles of 33° resulting in a loss of 478 - 302 =176 m, in terms of velocity al-
most 20 m s”'. The dramatic increase of resistance in the section E — F is topographi-
cally justified by the violent ups and downs, by the fact that a great part of the mass
followed Quebrada Armapampa - a far longer distance with a sharp angle, and by the
necessary collisions of arms when reuniting after having taken separate tracks. The
finally used value of 0.423 was calculated from the necessity to obtain, near km 10, the
restricted velocity postulated in Sect. 2.7. Eventually, in descending Quebrada Shacsha,
great changes of velocity could not occur, otherwise either motion would have been
arrested or Matacoto would have been devastated. So u was assumed to have been 0.09,
approximately equal to the slope - in view of the high probability of pressurised wa-
ter lubrication a plausible value. A similar value is, by the way, probable for the “bob-
sleigh run” of Pandemonium Creek (Sect. 2.2).

The example shows that a reasonable velocity analysis is not excluded, even if noth-
ing but a sequence of constant-resistance sections is assumed. Nevertheless, it cannot
be denied that, at the exorbitant velocities of Huascardn, a non-negligible improve-
ment could be obtained by taking into account directly (and not via adjustment of y)
the resistance component proportional to the square of velocity: especially the maxi-
mum of velocity (in Fig. 6.4 about 133 m s™') would be reduced, and a somewhat lower
resistance between E and F wouid suffice as a brake.

*

Anyhow, the reliability of prediction would enormously profit from a more accu-
rate start-to-stop knowledge of velocities which, with moderately sophisticated math-
ematical means, could be converted into a corresponding knowledge of the coefficients
controlling the downhill ride of rock masses. This aspect, including possible ap-
proaches to feasible methods, will be the central theme of the two following sections.
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6.3
The Size Effect — a Useful Tool

As in rockfalls, owing to lower interaction between the moving clasts, the size of the
total mass is of secondary importance for the distance travelled, the following reflec-
tions refer mainly to rockslides.

In Heim’s book (1932, 121-130) seven rockslides of different sizes are listed and de-
scribed in detail. For each event the list (depicted in Fig. 6.5a) shows the volume V
and the angle of Fahrbdschung or overall slope (or fi; in the notation of the present
book). In the context of speedometry by the energy line method this angle was pre-
sented in Fig. 6.1. To recall the definition: f§; is the angle between the horizontal and
the line connecting the crown of the head scarp with the most distal debris along the
midstream path of the mass. The tangent of this angle, i.e. the quotient of the vertical
distance between said points, divided by their horizontal distance (the latter again
counted along the path of the mass), will play an important role in the following con-
siderations. And, wherever opportune in view of a repeated use, the abridged notation
f=tanf; will stand for Fahrboschung or overall slope.

With his list, Heim had the intention to illustrate that, as he and others had observed,
large events generally travel more economically than smaller ones. With good reasons
he considered this effect as important. So, from the relatively small number of
rockslides reasonably well investigated at the time, he made an appropriate selection
showing this dependence, the size effect, in a persuasive manner.

Of course, this - probably first - attempt to establish an essential quantitative correla-
tion between parameters of rockslides makes a somewhat primitive impression when
looked at almost seven decades later. Neither the number of considered events nor the
knowledge of the involved parameters can, at the present time, be judged as satisfactory.
Nowadays, owing to extensive lists established in the meantime, a far richer selection of
examples is possible (Scheidegger 1973, Girsperger 1974, 74; Abele 1974, 45; Hsii 1975, 133;
Cruden 1976, 9; Lucchtta 1978, 1 604; Tianchi 1983, 476-477; Rouse 1984, 500-501; Nicoletti
and Sorriso-Valvo 1991, 1366-1367; Costa 1991, 22-23. Attention: some events bear other
names than used here; take notice of: Cima di Dosdé — Corno di Dosdé; Monte Zan-
dilla — Val Pola; Scima da Saoseo — Cima di Saoseo; Siders — Sierre; Tamins — Sasagit;
Yungay — Huascardn). Later, in connection with the discussion of interpolations by re-
gression techniques - probably not just familiar to Heim - it will be demonstrated that
the set of figures he chose, though in itself allowing for a reasonably well-fitting interpo-
lation, turns out to be less optimal as soon as further events are accounted for.

Unfortunately, from more extended lists it also becomes evident that the real amount
of scatter is distinctly higher than Heim probably had expected. In fact, he considered
it opportune to explain (by a more intense lateral spreading, p. 123) the higher Fahr-
boschung of the Frank slide (H4 in Fig. 6.5a) as compared with the straight connec-
tion from that of Elm (H3) to that of Goldau (Hs). Now the respective deviation is no
more than 0.035 in terms of f, an almost negligible amount in a set of figures in which
the overall slopes of equal-sized events may differ by almost ten times as much. An
anticipating look at the “starred sky” presented in the subsequent Fig. 6.5-6.6 certainly
will make obsolete further comments.

In spite of being blurred by scatter and thus expressing rather the chaotic super-
position of many different effects than the stringent physical consequences of a single
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Fig. 6.5. Scheidegger functions averaging Fahrboschung f versus volume V.a Heim’s seven events (plain
line; data: 1932, 121), compared with standard reference (broken). Hi: Airolo, H2: Monbiel; H3: Elm;
Hg: Frank; Hs: Goldau; H6: Kandertal; Hy: Flims. b Author’s standard reference from 69 events (plain;
Table 6.1). Note coincidence with original Scheidegger function (dots and dashes).c 21 events = crystalline
part of b (circles; plain line). Note large scatter and moderate difference with standard reference
(broken) (sketch by Erismann)
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Fig. 6.6. Scheidegger functions obtained by selecting, from the 69 events of the standard reference
(Fig. 6.5b), those characterised by special geomorphological features. For data s. Table 6.1. a 18 events
of V type (collision of mass with solid slope in V-shaped valley). b 36 events of M type (neither L
nor V).c 15 events of L type (tracks often confined; lubrication by ice and/or pressurised water). Com-
pare functions (plain lines) with standard reference (broken lines) (sketch by Erismann)
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Table 6.1. Data of 69 well-investigated rockslides. i: Reference number; Ref. A: reference number in Abele
(1974, 171-198); M: material (carbonate if not specified; CR: crystalline); V;: volume of mass in km?;
f# actual Fahrbdschung (overall slope); f.: overall slope calculated by regression within group;
fil f quotient indicating compliance between f; and f;; italics: fwo largest and two least figures in group

i Ref.A Country Event M, f f fIf,
Group V (Fig. 6.6a): Mass arrested by massive obstacle - high energy dissipation

01 3207 Switzerland  Ludiano CR 0014 0.51 0.410 1.244
02 3302 Switzerland  Disentis CR 0015 0.38 0.406 0.935
03 5403 Austria Kals CR 0015 0.34 0.406 0.837
04 3203 Switzerland  Brione CR 00716 0.34 0.403 0.843
05 1406 France Grand Clapier CR 00716 0.49 0.403 1.215
06 5501 Austria Mordbichl 0.020 040 0.392 1.020
07 1409 France St. André CR 0021 047 0.390 1.206
08 6403 Iltaly Monte Avi CR 0.040 0.24 0.360 0.668
09 7502 Iltaly Pontives CR  0.050 042 0.350 1.201
10 1410 France Col de la Madelaine CR 0.115 0.36 0.315 1.143
11 2111 Switzerland  Qeschinensee 0.120 0.27 0.313 0.862
12 3501  Switzerland Lago di Poschiavo CR 0.180 0.34 0.298 1.141
13 7603  ltaly Vaiont/Longarone 0.300 0.23 0.279 0.823
14 5504  Austria Dobratsch A. Schitt E 0.360 0.25 0.273 0.915
15 7309 ltaly Lago di Molveno 0.400 0.24 0.270 0.890
16 2409 Switzerland  Glamisch-Goppen 0.730 0.36 0.250 1.440
17 2302  Switzerland  Engelberg 2.000 0.25 0.220 1.134
18 5206  Austria Kofels CR  2.200 0.18 0.218 0.826
Group M (Fig. 6.6b): Events neither of V nor of L type - medium energy dissipation

21 7306 ltaly Tucketthitte 0.0055 0.34 0.461 0.737
22 7307 laly Val Brenta Alta 0.008 0.60 0.432 1.387
23 7305 ltaly Vallesinella 0.009 0.31 0424 0.732
24 7520 ltaly Fedaia CR 0.010 0.38 0.416 0913
25 4102 Germany Melkéde 0.010 0.47 0416 1.129
26 6501 laly Lago di Autrona CR  0.012 0.34 0.403 0.843
27 4306 Germany Hintersee 0.013 0.38 0.398 0.955
28 3206 Switzerland  Biasca CR 0.015 0.55 0.388 1417
29 7303 ltaly Monte Corno 0.017 0.31 0.380 0.816
30 3505 ltaly Cima di Dosdé CR  0.020 0.45 0.369 1218
31 7522 laly Lago di Alleghe 0.020 0.51 0.369 1.381
32 5505 Austria Dobratsch J. Schiitt W 0.030 0.27 0.344 0.784
33 7312 ltaly Torbole 0.030 0.31 0.344 0.900
34 4114 Austria Haiming 0.030 0.34 0.344 0.987
35 2405 Switzerland Haslensee 0.030 042 0344 1.219

36 2108  Switzerland  Kleines Rinderhorn 0.040 0.25 0.328 0.763




6.3 - The Size Effect - a Useful Tool

Table 6.1. Continued

i Ref.A Country Event MV f, f, fIf,
Group M (Fig. 6.6b): Events neither of V nor of L type — medium energy dissipation

37 2502 Switzerland  Voralpsee 0.040 032 0328 0976
38 4301  Germany Marguartstein 0.050 0.27 0315 0.856
39 1405 France Lac Lauvitel CR  0.068 0.34 0.299 1.136
40 4303  Austria Lofer 0.080 0.27 0.291 0.928
41 4201  Austria Pletzachkogel 0.080 0.30 0.291 1.031
42 7601 Italy Fadalto 0.095 0.25 0.282 0.885
43 5408  Austria Mallnitz CR 0.100 0.25 0.280 0.893
44 4106  Austria Am Saum 0.100 0.40 0.280 1.429
45 1701  France Abimes des Myans 0.150 0.22 0.261 0.843
46 3504 Switzerland  Cima di Saoseo CR  0.150 0.27 0.261 1.034
47 2403 Switzerland  Obersee 0.160 031 0.258 1.201
48 5503  Austria Dobratsch A. Sch. W 0.170 0.27 0.256 1.057
49 7201 Italy Bormio 0.180 0.29 0.253 1.146
50 7302 ltaly Lago di Tovel 0.250 0.25 0.239 1.045
51 2407 Switzerland  Dejenstock 0.280 0.21 0.235 0.895
52 7310 ltaly Marocche del Val Sarca 0.340 0.32 0227 1411
53 3406 Switzerland Totalp CR 0400 0.17 0.221 0.771
54 7304 ltaly Monte Spinale 0.400 0.23 0.221 1.043
55 3401 Switzerland Parpan-Lenzerheide CR 0400 0.31 0.221 1.406
56 2113 Switzerland  Sierre 2.000 0.11 0.167 0.658
Group L (Fig. 6.6¢): Effective lubrication, confinement - low energy dissipation

61 Canada Pandemonium Creek ~ CR  0.005 0.22 0.253 0.869
62 Canada Damocles 0.010 0.16 0.225 0.710
63 Canada Twin E 0.010 0.20 0.225 0.887
64 2410 Switzerland  Elm 0.010 0.29 0.225 1.287
65 7311  ltaly San Giovanni 0.025 0.16 0.193 0.827
66 Canada Frank 0.030 0.25 0.188 1.333
67 2401 Switzerland  Goldau 0.040 0.22 0179 1.231
68 5208  Austria Obernberg 0.061 0.19 0.167 114
69 Canada Nozzle 0.075 0.13 0.161 0.808
70 7401  ltaly Lavini di Marco 0.100 0.21 0.153 1.370
71 4113 Austria Tschirgant 0.200 0.16 0.137 1172
72 4401  Austria Almtal 0.300 0.11 0.128 0.862
73 Canada Rockslide Pass 0.350 0.15 0124 1.206
74 4105 Austria Fernpass 1.000 0.09 0.104 0.863
75 2411 Switzerland  Flims 9.000 0.07 0.072 0.970
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causal connection, Fahrbdschung is a useful parameter, distinguished by important advan-
tages. In first instance, it often can be determined even if most of the debris has been car-
ried away by erosion. In the frequent cases of rockslides having crossed valleys, for exam-
ple, the bulk of the mass, after having been originally deposited near the valley’s bottom,
may subsequently have been removed by a river and/or by a glacier. In contrast thereto,
both the head scarp and the foremost debris, owing to their more elevated positions
on both sides of the valley, may have been preserved in their original position. Further-
more, the overall slope, as already mentioned under Heading 6.2, as a rule, does not
dramatically differ from the slope of the energy line, i.e. one of the most important
parameters of a rockslide. So it appears reasonable to take the overall slope into con-
sideration as a second-best substitute and to look how far one can get in applying it.

Relatively easy determination, the main advantage of Fahrb&schung, is not confined to
analysis post eventum; it also may facilitate prediction. In many cases the presumptive lo-
cation of a head scarp is marked somehow (for instance by a growing fissure). This means
that one of the two required points is at hand, and if a plausible value can be guessed for
the overall slope, the horizontal distance - and therewith the reach - can be estimated.

Analysis and prediction on the basis of the positions assumed by the centre of grav-
ity would, in principle, be preferable. But what can be done if these positions are un-
known or difficult to estimate?

*

It is not intended to repeat here the details previously discussed in connection with
the physical background of the size effect, be it by direct influence upon resistance or,
indirectly, by track-making. Refer in first instance to Sect. 5.1, 5.3, 5.4, and 5.5. Most of
these effects are positive (larger masses reach farther), but also negative examples exist,
e.g. for air lubricatjon (Sect. 2.3) and “roller bearings” (Sect. 5.3). Anyhow, a review of
the mechanisms involved clearly shows that the theoretical deduction of a generally
valid dependence between resistance and size (as, for instance, the “area-to-volume”
rule, s. Sect. 5.4) would be extremely complex (not to say impossible) owing to the great
variety of effects, some of which, as for instance self-lubrication by frictional heat, are
highly non-linear. This complexity is further increased by the fact that, as a rule, large
events move faster than smaller ones so that the velocity-dependent component of
resistance, within its normally moderate role, counteracts the general trend of im-
proved economy connected with the size effect.

In view of such difficulties it makes sense to consider the size effect as a black box
(as defined by Ashby 1961). Accordingly a rockslide is - at least in the initial phase of
an investigation - treated as a system known only by its phenomenological (i.e. exter-
nally conceivable) data and not analysed internally by reduction of mechanisms to
generally accepted physical laws. Not in the least this means an invitation to forget
everything that has been presented when considering the details of motion. On the
contrary, it will soon become evident that an unconditional black-box approach is un-
able to yield useful results, in particular if prediction is aimed at. So, already at the
present time, and all the more in the future, improvements only can be obtained by
taking into account more differentiated knowledge.

In any case, the first step in making use of the considerable number of known over-
all slopes consists in choosing an appropriate interpolating algorithm allowing for an
easy conversion of a large number of f(V;) data pairs into a continuous function f.(V)
able to act as a tool for prediction. The index i is the ordinal number assigned to each
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of the known events. It is obvious that the quality of such conversions can be expressed
by the mean square root of their deviations from the actual values. It is equally obvious
that a certain simplicity of the resulting function is required: it shall monotonously de-
crease for increasing V,aperiodically approaching a very low value or zero (singularities
fe=oo for V=0 and f.= o for V =0 are acceptable as long as their consequences re-
main harmless in the considered range of volumes). A monotonous course, by the way,
excludes the use of theoretically possible functions (e.g. Taylor series) yielding zero mean
square roots irrespective of the number of considered data pairs: the resulting curves would
consist of ups and downs and hardly could be set up to avoid crossings with the abscissa
axis (not to speak of cases with more than one f; value being given for a single V value).
*

A function well complying with said requirements was proposed by Scheidegger
(1973) who based his argument on the regression by a straight line (i.e. a linear func-
tion), certainly the most-used method to convert a cluster of points in a plane into
the straight line minimising the mean square root of deviations. Now a straight line
obviously would not be convenient in the usual representation of f,(V;) clusters where f
is on linear and V on logarithmic scale: crossing the abscissa axis necessarily would
occur. Scheidegger’s trick to overcome the problem was simple and particularly use-
ful. He applied the method in a representation of both variables on a logarithmic scale
and obtained more than the asymptotic approximation to zero: as minimising of de-
viations takes place on the logarithmic scale, the quotients f;/ f. are minimised (in-
stead of the differences f;- f.). In view of the large range of overall slopes this is very
reasonable. Imagine a deviation of +0.05, once occurring with f= 0.50 and once with
f=o.10. Deviations labelled “10%” and “50%” certainly are more comprehensive than
the statement “equal deviations”. And in case of extremely small f there is no risk of
obtaining negative values after subtraction of expected deviations...

Hereafter this elegant method will be denominated as “Scheidegger’s method” and
the resulting function as “Scheidegger function”.

As mentioned above, the application of Scheidegger’s method in the field is remark-
ably easy. In addition, the following equations are simpler than might be assumed at
first sight: once the sums of Eq. 6.2 having been formed, the rest is obtained almost
immediately. The basic relation is

fc: 10C1+C2L0gV (61)

wherein the coefficients are obtained as follows:

qza%—&&
2 —nZs
C, = 2iZa = 1%
3} - nz,
%, = SLogV; (6.2)
X, = Z(LogV; Logf;)
%5 = ZLog?V;

X, = ZLogf;
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The number of considered events is 7; so each sum contains n values of the respec-
tive parameter(s). With due reference to the problem of scatter, Scheidegger proposed
Eq. 6.1as a basis for prediction. It soon will be discussed in more detail. But first a more
general consideration will be presented in short.

It is obvious that besides Scheidegger’s method there do exist other possibilities of
interpolation. In planning this book, some thereof were, by way of trial, adapted to
the purpose and tested. In particular one was considered as interesting owing to its
being given by three values: maximal and minimal overall slopes (for V=0 and V = o,
respectively) and maximal differential quotient df/ dV. In the normal representation
(fon linear, V on logarithmic scale) this function would have looked like the right-
hand half of a Gaussian distribution curve - an attractive profile (signalling, by the
way, a close mathematical relation). The study was, however, dropped in view of prac-
tical difficulties: the three parameters are linked in a highly non-linear manner so that
minimising deviations requires a somewhat awkward parameter variation.

*

One of the fundamental problems of Scheidegger’s method is shared by all meth-
ods based on nothing but a large number of data pairs obtained from field evidence.
As being purely empirical, the resulting function depends on the individual data of
the events employed for its calculation, thus being subjected to the risk of a non-rep-
resentative choice and other sources of errors. It is, therefore, worthwhile to have a
look at the strategy of selecting events. Above all, two general principles should be re-
spected. On the one hand, to avoid too strong an influence by individual peculiarities,
the number of considered events should be as high as possible; on the other hand, the
criteria for selection and data acquisition should be as uniform as possible (s. the items
enumerated hereafter). These principles are contradictory to a certain extent as the
quality of “having been determined in different manners” easily may turn out to be
synonymous with “excluding the possibility of being applied in common”. As the fol-
lowing choice of examples will show, there are more sources of such discrepancies than
might be guessed at first sight.

1. The definition of Fahrbéschung, though simple and clear enough for current use,
sometimes still allows for different interpretations. What, for instance, about a mass
having been arrested in a rather compact (though not necessarily coherent) state,
by exception of two or three boulders which, for whatever reasons, managed to
overtake the rest and to get substantially farther (Sect. 5.7)?

2. Besides the obvious difficulties of estimation ante eventum, the mere definition of
volume (which in itself contains the uncertainty of being a substitute for the physi-
cally more relevant mass) may be considered as valid for the moment of release or
for that of being deposited (with the possibly of substantial interstitial spaces).

3. In various prehistoric events neither volume nor Fahrbéschung can be more than
roughly estimated owing to changes having occurred in the meantime. Thus the
field is open for different well-founded hypotheses.

4. There may be different plausible opinions about the point where motion is ar-
rested. For example, a momentary stop (or quasi-stop) may occur at the highest
point of a run-up. If it is followed by an extended displacement along a valley as in
the case of Pandemonium Creek (Sect. 2.2), nobody will disagree with the idea of a
regular continuation of motion. In a case like Val Pola (Sect. 2.5) where the subse-
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quent motion (especially in the catastrophic northern lobe) was almost completely
opposed to the first descent, one is rather tempted to speak of a run-back and to
consider the main motion as finished by the quasi-stop after the run-up. In fact,
this view is adopted in the evaluations following hereafter (in full awareness of
possible good arguments for a different opinion).

5. The most difficult question perhaps lies in striving for a representative distribu-
tion of mechanisms and topographical features in the samples selected for evalua-
tion. As reliable data are available only for a restricted number of events, there is
only the hope that, more or less automatically, a larger number of samples will
fulfil the condition better than a smaller one.

6. Finally also the sword hanging over any scientific notion is present as new findings
can change the situation. Abele’s and Heim’s figures for Flims differ in both volume
and Fahrboschung, not to speak of the question of the Domleschg tongue (Sect. 2.2);
hereafter, according to Abele’s modified concept, this tongue is attributed to Flims.

In such instances it is well understood that the quantitative results presented here-
after are far from being considered as the philosopher’s stone valid for eternity. Yet it
can be claimed that a certain care in selecting the events was used. For his book about
Alpine rockslides (1974), Abele had critically and most conscientiously studied all
available publications, and he had visited all important events. So it was nothing but
natural to base the mathematically evaluated list on the information presented in said
book (pp. 45 and 172-197), thus obtaining, in addition to the required care, a good
uniformity of criteria in selection and data acquisition. Several events were crossed
off the list owing to uncertainties which might have had a substantial influence upon
the results. Few data were modified on the basis of later studies (including those of
the authors). And, as an important complement, a number of well-documented Ameri-
can events were added (the respective publications are mentioned under Headings 2.2
and 2.7). A complete list will be presented somewhat later.

*

A first Scheidegger function is used in Fig. 6.5a to demonstrate that the seven events
presented in Heim’s book - by exception of the “jump” between Airolo and Monbiel
(H1 and Hz2 in Fig. 6.5) - fit quite well into an interpolating function. In the same fig-
ure a second curve is represented as a broken line. It is a Scheidegger function used as
standard reference and commented in the next paragraph. The relative position of the
two curves shows that, on the one hand, Heim had displayed a remarkable skill in se-
lecting near-to-average events, but that, on the other hand, a more generally accepted
interpolation based on nothing but this narrow basis would probably yield too low
Fahrboschung values.

Figure 6.5b shows the “starred sky” of 69 rockslides resulting from the above-men-
tioned careful application and complementation of Abele’s work and listed in Table 6.1.
The plain line is the above-mentioned Scheidegger function obtained therefrom and
used hereafter - for lack of anything better - as a standard reference. It will be ob-
served that the curve passes slightly below the centre of gravity of the cluster of events.
This impression is not an optical illusion: it is due to the mentioned minimisation, on
the logarithmic scale, of the deviations between points and curve. The line of dots and
dashes in this figure is the function originally proposed by Scheidegger. The constant
values in Eq. 6.1 are C, = 0.7447, C, = -0.1539 for the author’s and C, = 0.6242,C, = -0.1567
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for Scheidegger’s original curve (volume is expressed in km®). Within the entire rep-
resented range the differences between both are about 10% of the respective values
of f, showing that the used events in both cases were selected in a similar (though not
identical) manner - a satisfactory result in a field containing so large a degree of scat-
ter. This is all the more true as a closer comparison of Table 6.1 with Scheidegger’s
table shows that only 15 events appear in both, and only two thereof perfectly coin-
cide in both volume and Fahrbéschung.

Although this is without any doubt an encouraging result, the mentioned starred
sky spreads wide enough to wipe out too optimistic expectations. In fact, the largest
deviations between reference curve and individual events in Fig. 6.5 yield, roughly
speaking, quotients between 1/2.8 and 1.9/1, and - more important than such conse-
quences of isolated exceptional circumstances - also the average deviations are rec-
ognised as substantial before any calculated results are at hand (which will be pre-
sented hereafter). In such instances reliable prediction is problematic, even if based
on the best possible Scheidegger function (and nothing else). So the search for more
accuracy is stringent, and this means accounting for additional information and evalu-
ating it at a somewhat higher level of sophistication.

*

In 1991 Nicoletti and Sorriso-Valvo proposed what they called the “geomorphic
control of shape and mobility” of rockslides. The essential idea was to describe quan-
titative correlations between the geometry of the deposits and Fahrbéschung, con-
sidering the amount of internal deformation as a dominating indicator of energy dis-
sipation. For the distribution of debris post eventum, three basic shapes were discerned,
denominated by the self explanatory terms “elongated hourglass”, “nearly oval”, and
“deformed T”. They were respectively correlated with low, moderate, and high energy
dissipation.

At the time Nicoletti was in close contact with Abele whose book (1974) he was trans-
lating into Italian (1990-1994). So it is nothing but normal that their ideas of princi-
ple became congruent in various respects. However, as reported mainly under Head-
ings 2.2 and 5.5, Abele introduced approximately at the same time the additional no-
tion of pressurised water lubrication which easily fits into the general concept of
Nicoletti and Sorriso-Valvo, though shifting the emphasis from the purely geometric
to a more general topographic aspect in which the condition of the surface acquires a
dominating position. This view is adopted hereafter. Accordingly the idea of a tripar-
tite subdivision of event types is slightly modified. In addition, the mathematical treat-
ment follows Scheidegger in minimising deviations on the logarithmic scale of
Fahrbgschung. Besides the types described in Items 11, 12, 13, intermediate configura-
tions necessarily must occur so that a certain additional uncertainty cannot be avoided.

11. Type “V” (“V-shaped valley”) is characterised by an extended, solid obstacle able
to arrest motion, e.g. the steep slope of a V-shaped valley. Energy dissipation takes
place by disintegration and/or deformation. T-shaped deposits are not necessarily
a criterion if disintegration is intense.

12. Type “M” (“moderate”) means the absence, on the one hand, of massive obstacles,
on the other hand of effective lubrication, lateral confinements, or other mecha-
nisms substantially reducing resistance. Deformation mainly is accomplished by
spreading.



6.3 - The Size Effect - a Useful Tool 263

13. Type “L” (“long run-out”) is defined by the presence of effective mechanisms re-
ducing, over a substantial portion of the track, resistance against motion. In first
instance lateral confinement and lubrication (pressurised water, melting ice or rock)
are envisaged.

The information for establishing the functions, arrayed in accordance with the three
types, is presented in Table 6.1, and the results are shown in Fig. 6.6 (Fig. 6.5¢ will be
discussed subsequently; it has been inserted here for reasons of optimal arrangement).
Though by no means sensational, these results are encouraging.

Before adopting definitely this concept, however, a side-glance was thrown at the
possibility of other than the above-mentioned features being relevant for Fahrbo-
schung. In particular the question appeared interesting how far an influence of the
material might go. Thus a separate Scheidegger function was established for the
21 events in crystalline rock belonging to the used selection (labelled “CR”in Table 6.1).
The result (Fig. 6.5¢) shows a curve differing from the all-events reference by distinctly
less than +0.05 over the entire considered range. This issue could have been expected
as only one of the L-type events (Pandemonium Creek) belongs to the group. The
question whether this small difference might suffice to treat crystalline events sepa-
rately, is left open., especially in view of the lack of large masses.

To obtain a reasonably well-founded judgement about the predictive power of
Scheidegger functions and subdivision in groups, a systematic quality evaluation was
carried out. Quotients f;/ f. were formed with the four reference functions described
under Items 21-24, and their logarithms were summed up over the three groups V, M,
L, as well as over all 69 involved events. From each of the 16 sums thus obtained the
average quotient was extracted according to the formula

f [=(Logfi—Log/?

=10 n (6.3)

fe

where n was, of course, the number of samples in the respective context.
The reference functions used are defined as follows:

av

21. A constant value, namely the arithmetic average of all involved f; values, is consid-
ered as the simplest possible basis of reference.

22. Forming groups is a first refinement. So the arithmetic average of the f; values within
a group becomes the reference for the group.

23. Alternatively the single Scheidegger function taken from all considered f; values
can act as reference function.

24. Eventually Items 22 and 23 can be applied simultaneously, thus yielding for each
group its individual Scheidegger reference function.

The resulting averaged quotients are directly applicable as indicators of compli-
ance — and therewith as yardsticks for the predictive power of the considered degrees
of sophistication. They are listed in Table 6.2 and can be commented as follows.

31. The use of twin figures for each result is a consequence of the mentioned minimi-
sation of divergencies on a logarithmic scale (if the logarithms were shown, a sim-
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Table 6.2. Averaged quotients of actual Fahrboschung over reference basis. As quotients may lie be-
low or above unity, each result is expressed by two reciprocal figures (e.g. 1.355 =1/ 0.738). Synopsis
of improvements obtained by subdivision of 69 events into groups V, M, L, by optimised Scheidegger
functions, and by combination of both. Improvements are visible by comparison of lines. Last line
shows that by combining subdivision into groups and Scheidegger functions useful (though not un-
conditionally reliable) results can be expected

Reference basis Averaged quotients
Vtype M type L type 69 events

Arithmetic average 1.355 1.380 2.008 1.536

of 69 fvalues 0.738 0.724 0.498 0.651
Arithmetic average 1.337 1.382 1.462 1.389

of f values per group 0.748 0.724 0.684 0.720
Scheidegger function taken 1.348 1.265 1.713 1.404

from 69 events 0.742 0.791 0.584 0.712
Scheidegger functions taken 1.215 1.237 1.230 1.230

from events of the group 0.823 0.809 0813 0.813

ple “+” would suffice, but there is no sign for “multiplied or divided by”). Obvi-

ously the pairs are mutually reciprocal.

32.Also the somewhat puzzling fact that for group M the arithmetic average taken
from all 69 events is — though very slightly - lower than that taken from the group
alone, has to do with the log scale: the arithmetic average, obtained by a linear
algorithm, differs a tiny bit from the logarithmic one.

33. When looking at the results in a lump (i.e. concentrating on the column at right),
the improvements by averaging in groups and by using Scheidegger functions are,
roughly speaking, equal. Both reduce the predictive uncertainty by about a quar-
ter. The combination of both measures approximately halves this uncertainty.

34.Within the groups the improvements are distributed quite unevenly. Group L, ini-
tially showing a catastrophic result, profits, when measures are applied, almost
exclusively if compared with the other two groups. Eventually (s. bottom line of
table) all groups acquire approximately equal levels of uncertainty.

35. When combining both measures, 50 of the 69 events (i.e. 72.5%) remain within the
limits given by the pair of figures presented for each group.

*

The results thus obtained can be summarised in a few sentences. Both a reasonable
subdivision in groups and the interpolation by Scheidegger functions are useful means
to improve the quality of prediction, separately, however, only to a moderate degree.
Applied in common, they allow to reduce uncertainty by about 50%. So a level is ob-
tained that can, with the necessary caution, be used for prediction. As formulated above,
the situation is encouraging, though certainly not sensationally favourable. The pros-
pect to be confronted in 27.5% of cases with a travel missing the expected value by at
least —20 or (on the critical side) +26.3%, is not a very pleasant one for a consulting
expert.

So further improvements remain a challenging goal.
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6.4
Improvements - Possibilities and Limitations

In principle, the level of quantitative knowledge in a particular field can be raised in
two different manners. On the one hand, hidden information can be brought to light,
for instance by a new mathematical approach making obvious hitherto unknown con-
nections between known data. On the other hand, the acquisition of new data may
enhance knowledge, be it on the basis of known or of new methods of interpretation.
In practical work, especially if new data require a large amount of investigations in
the field or in the laboratory, the first-mentioned manner often turns out to be easier.
So the following considerations will be started by the question of what can be done
using available quantitative information. This principle shall be respected as long as
improvements on this basis are considered as feasible. Certainly the goal remains
unchanged: it is the improvement of predictive power.

In such instances, the main basis for prediction is the knowledge of data taken from
a sufficient number of events, allowing reasonably reliable interpolation. As shown in
Sect. 6.3, data in ample numbers are readily available only in connection with overall
slope (Fahrboéschung, tanf or f). So prediction in a practical case consists, roughly
speaking, of (1) estimating the volume of the mass, (2) attributing the event, after analy-
sis of its character, to one of the groups V, M, L (Sect. 6.3), or to an intermediate state,
(3) using Fig. 6.6 to find the approximate value of f,and (4) introducing this value into
alongitudinal section of the expected path, thus obtaining a first estimate of the prob-
able reach. This procedure is, of course, nothing but a rough basis, and it is well un-
derstood that various additional considerations are required to account for a particular
case.

There is no doubt that, besides the difficulty of estimating volume (which, how-
ever, is a rather tolerant parameter: an error by a factor 2 means about +10% in terms
of f), the most problematic operation is Item 2. In fact, to find out the character of a
slide ante eventum may be an awkward business. One of the possible solutions is to
look out for a known event which, after due consideration of the tribologically rel-
evant circumstances, can be considered as “similar”. The trouble thereby is, of course,
that not only surface quality, gross geometry, possible mechanisms of energy dissipa-
tion and energy saving (lubrication) should coincide sufficiently well, but also size. In
other words, if a single, easy-to-obtain, size-independent indicator of motional economy
could be defined, there might be some hope for an essential improvement.

»*

Although originally not conceived for the quantitative prediction of rockslides,
Hst’s “excessive travel distance” (ETD) parameter (1975, 133,138-139) might, at first sight,
be suspected to be a candidate. As it was created with the intention to replace Fahr-
b&schung by a more useful parameter, it is legitimate and, perhaps, worthwhile to dis-
cuss it somewhat more in detail. ETD (Fig. 6.7) is defined as the difference between
the overall horizontal length of the considered event and a virtual reference event of
equal overall height, characterised by ff= 32°. As its main advantage, the new param-
eter claimed an approximately linear increase in function of the logarithm of volume
- as compared with the curved function resulting in the normal plot of f against the
same logarithm. For more than one reason it is not easy to follow this argumentation.
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Fig. 6.7. Definition of exces-
sive travel distance (ETD) ac- %
cording to Hsii (1975). ETD is \
the part of the overall travel L
which exceeds that of an event
of equal height with 32° as angle
of Fahrbdschung (sketch by
Erismann)

11. If a linear function were considered as particularly important in a plot of f against
volume, it would suffice to represent both variables on logarithmic scales as
Scheidegger had done in 1973 (obviously his study was unknown to Hsii - and
others, as can be concluded from a study by Tianchi 1983). On the other hand, when
representing ETD, the wide range of values compresses most of the points into a
very small portion of the diagram. A plot on logarithmic scale is impossible as
negative values are not excluded (point H1 in Fig. 6.5a, the slide of Airolo, is an
example).

12.1f ETD had any particularly essential physical meaning, the introduction of an
arbitrarily chosen (not a physically significant) standard would have depreciated
it. An overall slope line, on the contrary, though not exactly, is at least approxi-
mately parallel to the physically important energy line (Sect. 6.2).

13. No information is hidden in ETD which cannot be extracted from f.In fact, the two
parameters are convertible into each other by the formula ETD = L (1 - 1.600 f).
L is the overall length, and 1.600 = ctan32°.

When taking into account these facts, it becomes clear that ETD cannot be of any
substantial help in finding an approach to a more differentiated prediction. Other
solutions must be considered to make use of similarities between known and expected
events. It will be shown hereafter that there are still possibilities concealed in the con-
cépt of Fahrbdschung.

*

Thus, returning to information hidden in Fahrbsschung, the further line of thought
is almost trivial: could not the existence of a Scheidegger function, based on a large
number of well-selected events, be used to bridge the gap between similar events of
different size? To find an answer, it has to be recalled that a Scheidegger function is
nothing but an optimised average of the quantitative relation between f and the size
of the considered mass (expressed by its volume V). So the assumption is at least plau-
sible (though admittedly not compelling) that for events of a similar character the
particular functional character of f{Log V) is not dramatically different from that of
the average. Hence, after appropriate adjustment of Eq. 6.1, “prediction by similarity”
may be considered as a valid candidate for a somewhat more sophisticated method to
estimate Fahrboschung of a prospective event. It can be imagined along the following
simple line of operations.
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21.Find a known event i resembling as well as possible the impending one, k.
22.Adjust the Fahrbdschung f; of i so as to obtain that of k, fi, using the equation

fk =fi 100.1539(L0gV,-—Long) (6.4)

where V; and V are the respective volumes.
23.Use f; as described in Item 4 here-above.

The importance (and, hopefully, also the improving capacity) of this second ap-
proach consists in using mainly a single, but similar, event as a basis instead of an
average. Averaging is, so to say, reduced to a tool helping to bridge the gap of volumes
between 7 and k.

Once the principle being made clear, further refinements are easily found. First of
all, it appears useful to adjust all events listed in Sect. 6.3 to an arbitrary standard
volume. It is well understood that the choice of this volume is unconditionally arbi-
trary as the final results obtained with any standard value (be it 0.001 or 10.0 km?)
are perfectly congruent. Obviously the simplest possible form of Eq. 6.4 is obtained if
the standard volume is set at V=1 km>. And as this is a size within the range consid-
ered (though far above its average), there can be no serious objection against making
this choice, thus yielding LogV, = o and streamlining the equation to

ﬂ =fi 100.1539LogV,‘ (6.5)

wherein f; is the “standard Fahrbéschung” (standard overall slope), i.e. the approxi-
mate Fahrboschung of an event similar to i, but having the standard volume of 1 km’
(Table 6.3). The inverse operation,

fizfs 10—0.1539L0gV,' (6.6)

obviously shows the simple way from a known standard Fahrboschung to an unknown
one, as a basis of prediction.

The plausibility of prediction by similarity is, to a certain extent, backed up by the
fact that events spontaneously recognised as similar are found in close proximity to
each other. A showhorse: the f; values of Almtal, Fernpass (southern tongue), and Pan-
demonium Creek (Fig. 2.4, 2.6) lie between 0.090 and 0.102 in spite of volumes cover-
ing a span of 200:1. Certain irregularities also can easily be discerned. Glarnisch-
Guppen, for instance, owes its extremely high standard overall slope of 0.343 to a
particular geometry: the bulk of the mass crossed Linth Valley and was arrested in
running up; yet a small appendix performed a lateral run-out along the very floor of
the valley and placed the farthest distal tongue at an excessively low level, thus increas-
ing Fahrbdschung, at least in the sense of its accepted definition. For Sierre, attrib-
uted to group M and appearing amidst representatives of L, a questionable classifica-
tion is by no means excluded: most of its travel was along the wide Valais Valley, prob-
ably on a water-saturated fill which, even without lateral confinement, could justify
classification L at least as well as M (s. Abele 1974, 118).

All in all, the table shows that L seems to be very well defined while the differentia-
tion between M and V is less distinct and probably should be reviewed critically. A look
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Table 6.3. Standard values f; of overall slope, obtained by adjusting the actual values to the standard
volume of 1km?® using Eq. 6.5. List is arrayed according to the values of f,. Thus similarities are di-
rectly perceivable, and prediction is simplified by use of Eq. 6.6. Ref VML: reference numbers of Ta-
ble 6.1, showing group by position (V: left, M: middle, L: right)

f, Ref  Event f, Ref  Event f, Ref  Event

VML VML VML
0.079 62 Damocles 0.166 29  MonteCorno  0.208 15 L. di Molveno
0.087 69 Nozzle 0.170 38  Marguartstein  0.214 14 Dobratsch AE
0.090 74 Fernpass S 0.172 26  L.diAutrona 0.219 06 Mordbichl
0.091 65 San Giovanni  0.173 51 Dejenstock 0.223 49  Bormio
0.091 72 Almtal 0.174 42 Fadalto 0.225 39  lacLauvitel
0.098 75 Flims 0.175 43 Mallnitz 0.231 25  Melkéde
0.098 63 Twin Slide 0.178 03 Kals 0.234 47  Obersee
0.102 61 Pandem.Creek 0.180 04 Brione 0.245 35  Haslensee
0.122 56  Sierre 0.181 33 Torbole 0.246 30  CimadiDosdé
0.124 68 Obemberg 0.183 40  Lofer 0.258 10 Col d.Il. Madelaine
0.125 71 Tschirgant 0.187 24 Fedaia 0.259 07 St. André
0.128 73 Rockslide Pass  0.191 13 Vaiont 0.259 05 Grand Clapier
0.134 67 Goldau 0.195 11 Oeschinensee  0.261 12 L. di Poschiavo
0.143 64 Elm 0.195 37  Voralpsee 0.264 01 Ludiano
0.146 66 Frank 0.195 27 Hintersee 0.265 09 Pontives
0.146 08 Monte Avi 0.198 34  Haiming 0.269 55  Parpan-Lenzerh.
0.147 70 LaviniS.Marco 0.199 02 Disentis 0.271 52 Marocche del VS.
0.148 53  Totalp 0.200 54  Monte Spinale 0.278 17 Engelberg

0150 23 Vallesinella 0.202 46 CimadiSaoseo 0.279 31 LagodiAlleghe
0.152 36 Kl.Rinderhorn  0.202 50 LagodiTovel  0.281 44 Am Saum

0.153 21 Tucketthiitte  0.203 18 Kofels 0.285 22 Val Brenta Alta
0.157 32 DobratschJW  0.203 41 Pletzachkogel  0.288 28  Biasca
0.164 45  Ab.desMyans 0.206 48  Dobratsch AW 0343 16 Glamisch-G.

at Table 6.4 adds to this impression. At natural scale, columns V and M show only small
differences in average and scatter; in column L scatter is distinctly lower. At standard
scale, a slight differentiation of doubtful significance between the averages of Vand M
is observed, and L excels by a better reduction of scatter against that at original scale.

Spontaneous recognition of similarity as postulated for Almtal (Abele 1997, 13-15),
Fernpass (Abele 1991), and Pandemonium Creek (Evans et al. 1987) raises the ques-
tion of a more general approach to similarity criteria. The tribological essence in the
particular case lies in the fact that in the three mentioned events a steep descent of
moderate length, a more or less distinct run-up/run-back, and a more or less acute
change of direction are succeeded by a dominating portion of track (about 80% of
the overall length for Almtal and Fernpass, 55% for Pandemonium Creek), following
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Table 6.4. Comparison of average and scatter values of Fahrbdschung at natural and standard scale
(for data s. Tables 6.1 and 6.3, respectively), calculated for all 69 events and for groups V, M, L. Reduc-
tion of scatter (~1:2) by transition from natural to standard scale is more than size effect (expressed
by reduction of average, ~2:3). Note similar results for V and M, contrasted by distinctly different
values for L. For further comments s. text

Group V Group M Group L All
Fahrboschung f 18 events 36 events 15 events 69 events
Natural scale  Average 03372 0.3219 0.1740 0.2938
Scatter Af, 0.0941 0.1007 0.0582 0.1154
Standard scale Average 0.2289 0.2026 0.1122 0.1898
Scatter Af, 0.0463 0.0435 0.0230 0.0590
Quotient Af,/ Af,, 04920 0.4320 0.3952 05113

the course of a valley with high probability for effective compressed water lubrica-
tion (Sect. 5.5) and, at least partly, excellent lateral confinement (Sect. 5.2). The handi-
cap of relative shortness in the case of Pandemonium Creek is - as far as not reflected
by about 10% additional standard Fahrboschung - counterbalanced by particularly
favourable conditions in the initial descent (naked rock, glacier ice, lateral confine-
ment) and the geometry of running up and back. This configuration allowed for the
kinetic energy still available at the beginning of the “bobsleigh run”.

In a more general approach, three basic aspects have to be observed in establishing
similarity, namely

31. the tribologically relevant character of the main sections composing the track,
i.e. effects increasing reach (absence of obstacles, smooth surface, lubrication, lat-
eral confinement, etc.) or reducing it (obstacles, unevenness, narrow passages or
curves, topography favouring lateral spreading, etc.);

32.the sequential order of said sections;

33.the percental distribution of said sections within the total length.

As in this stage of work the respective effects are quantified in the lump and not indi-
vidually, no clearing between sections is acceptable and similarity can be assumed only if,
in a rough approximation, all three aspects coincide. The residual uncertainty postulated
by speaking of a “rough approximation” may be reduced by considering known similari-
ties (e.g. the mentioned one between Almtal, Fernpass, and Pandemonium Creek).

Anyhow, application of standard Fahrbéschung to prediction by similarity obvi-
ously has strong and weak points. On the strong side there is, besides the simplicity,
the possibility to “consult” more than one known event in case of uncertain similar-
ity. And, of course, the error due to the adjustment of volume can be minimised if a
similar event is available with not too different a volume. On the weak side, the prob-
lem mainly consists in a correct judgement about the physical relevance of similarity
indicators, especially in case of prehistoric events. It may, for example, be difficult to
make sure whether a considered part of a track at the time of an event was formed by
the surface of a glacier or not, and the correct succession of incidents may be difficult
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to reconstruct (Patzelt and Poscher 1993; Abele 1997b, 5-12). But even in less enigmatic
cases the attribution of particular features to an event will not always be an easy task.
Anyhow, the possibility of a second manner of estimating overall slope certainly is
more than only a means of cross-checking the first.

So far, the rule formulated under Heading 6.1 with respect to the simplicity of out-
fit for prediction in the field may be considered as rather strictly observed, provided
that it does not count as a violation to take along several descriptions of possibly simi-
lar events. Essentially the same view can be taken for the next steps in the pursuit of
possible improvements. Although the required preparatory work on the side of evalu-
ation will be substantially increased, application will remain simple.

*

In applying the method of prediction by similarity, individual features of a number
of events necessarily have to be considered. So a natural continuation may consist in
aiming at a more differentiated knowledge than that expressed by nothing but
Fahrboschung. It might, for instance, be worthwhile to find out the influence of par-
ticular effects upon the overall slope. It might, to quote a practical example, be inter-
esting to know the differential effect upon fobtained by exchanging naked rock against
glacier ice in a given portion of track.

The final issue could, for instance, consist in the attribution, on the standard vol-
ume scale, of a certain particular “coefficient of friction” yy to each partial horizonta
length Axy of a track characterised by a perceptible tribologically relevant feature. The
index k would be an ordinal number used for each of n considered track sections,
counted from top scar to distal deposits (if a feature is observed more than once in a
track, the respective sections might be added up in one single Ax;). The quotation
marks used for the coefficient are intended to signal that the coefficient stands for
the averaged sum of all linear and non-linear resistances, whatever their physical na-
ture may be (as Shreve did in 1966 in connection with air lubrication, s. Sect. 2.3). If
the described attribution is feasible, and if the most important systematic errors can
be kept under control, it should be possible to build up the overall slope of an event
by vectorial addition of n partial lines with slopes 1 and lengths Ax; (Fig. 6.8 which,

,AX+| ZAXk AXyy

Fig. 6.8. Prediction bylocal coefficients, working principle. Coefficients ;... 1, averaged from many
known events (s. text), are attributed to horizontal components of track Sect. Ax;...Ax,. Travel is set
up section by section from initial (4) to final (B) position of centre of gravity (its path is dotted line).
Polygonal connection is energy line. Note additional lengths Ax, and Ax,, due to initial and final
extension of mass (Ax,, important for risk estimation). Note analogy to speedometric considera-
tions used in Fig. 6.4. Attention: straight line from top scar to most distal deposits would yield
Fahrbéschung. Thus set-up would be more straight-forward, but accuracy lower than in presented
configuration (sketch by Erismann)
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anticipating further considerations following hereafter, is based on a CoG instead of
an overall geometry). The result would be a “prediction by local coefficients”.
The overall slope of a single event would be expressed by

fEAX = 1 Axy + [ AX, + .+ I AX+ L+ 1A, (6.7)

and, after division of both sides by the total length ZAx, definition Ay = Ax;, / ZAx
(i.e. substitution of absolute dimensions by relative ones),and introduction of g known
events with ordinal numbers i, the dimensionless set of g linear equations

H=hAn+ A+ o+ WAt e+ A,
L= Ao+ IhAg + oo+ g+ oo+ Dy,
fi=...

fi= A+ IAp+ oo+ At o+ Ay
fin=..

fe= Ay + AL+ o+ WAt o+ A,

(6.8)

with the # unknown values g results. By application of error analysis, Eq. 6.8 can be
transformed into Gaussian normal equations (in the given situation preferable to
Tshebysheff’s method), i.e. a set of n linear equations with n unknown values. To sim-
plify things, hereafter the case of n =3 is presented:

#121'(Az?1) + ,uzzi(AilAiz) + ,u3zi(Ai1Ai3) - Z(ﬂiAil) =0
HZ(AnAL) + 1LE(AL) + 1Ei(ALAL) - Z(BiA,) =0 (6.9)
#1Zi(Ai1Ai3) + #2Zi(Ai2Ai3) + /%Z,-(A%) - Z(ﬁz’Aia) =0

whereby the index of X; signals sums calculated over all values of i. The equations, easy
to solve even with simple means, are, once more, optimised in the sense of reducing
to a minimum the sum of the squared differences between the real values of f; and
those obtained by using the i values resulting from Eq. 6.9 to reconstruct Eq. 6.8.
All this sounds very promising. Before recommending the method for practical
application, however, various sources of errors (more substantial than those commit-
ted in determining the points of transition between sections) should be considered
in some detail. Besides considering the questions which can be treated a priori, sev-
eral simple cases have been tentatively calculated with data taken from well-investi-
gated events so that the practical experience thus acquired will be of some use.

41. Less than the entire track is passed by the entire mass (see, in Fig. 6.8, extensions
A, and A,,). Consider the proximal and distal ends of Vaiont (Fig. 2.36¢, d) where
a mass of almost 1500 m length was displaced by hardly more than 500 m. Obvi-
ously the weight of the track’s features is not necessarily equal at every point.

42. Velocity-dependent resistance may influence results. Only in case of strictly domi-
nating Coulombian friction do equal features mean equal resistances at various
locations within the track.
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43.Even in purely Coulombian friction the local degree of disintegration can influ-
ence the resistance in a given section of track (Sect. 5.1).

44. Tentative calculations have shown that results obtained from few events are highly
sensitive to relatively small variations of inputs (absurd results, like negative u val-
ues, are not excluded). Thus large numbers g (in other words: g >> n) are strin-
gent. So data acquisition may become precarious.

The verdict is clear: in the presented form and on the basis of the knowledge avail-
able at present, prediction by local coefficients, in spite of its seducing aspects, cannot
be regarded as a ready-for-use practical solution. Still its prospects justify, perhaps, a
review of possibilities which might give it a more realistic character.

In first instance, a line of thought similar to that applied in the context of
Scheidegger functions might be useful. In fact, subdividing events into groups auto-
matically brings together rockslides with certain tribologically relevant similarities.
Of course, in the most proximal and distal portions the uncertainties of Item 41 will
remain; of course, velocity-dependent resistance (Item 42) and local degree of disin-
tegration (Item 43) still will partially defy the assumption of topographic features as
unique criteria of resistance. Yet an improved coincidence of decisive combinations
(criteria applied, parameters involved) in long-term, multi-event evaluation on the one
hand, in short-term, single-event prediction on the other hand cannot be disputed if
the features are selected to be sufficiently uniform in tribological matters. Still the
ironical remark might be made with a good reason that error symmetry between evalu-
ation and prediction sometimes might entail a correct result...

A fundamental question, however, begins to emerge with increasing clarity. Can
the local variation of coefficients of friction be made sufficiently effective if based on
no other data than the overall dimensions of an event, combined with tribologically
relevant features of the track? As this critical argument will reach beyond the bounds
of the considerations so far made, it will be treated hereafter separately.

*

The question at the end of the preceding paragraph has already once been answered
in the related context of speedometry (Sect. 6.2). The overall geometry, expressed by
Fahrboschung, as being limited in its physical content, should be replaced by the more
meaningful geometry based on the path of the centre of gravity (CoG) of the consid-
ered mass. And the task of the following considerations is to disclose possibilities and
limitations of predictions resulting from this fundamentally superior approach.

As mentioned under Heading 6.2, Item 4, it is normally reasonable to use, instead
of the entire mass, its midstream longitudinal section for velocity determination. The
arguments used are valid for a CoG geometry with equal rights as for an overall ge-
ometry. The advantage consists in reducing the three-dimensional problem to a two-
dimensional one at the expense of a moderate loss (and in some cases even a moder-
ate gain) in accuracy. In Sect. 6.2 the reader’s attention also was drawn to sporadically
feasible en-route measurements of velocity as a means to introduce polygonal energy
lines, and it was shown that such energy lines may even be competitive with twin-
parameter calculations using a constant and a velocity-square-dependent member. So
here it remains to look out for more systematic methods of determining CoG posi-
tions (before and after displacement) and connections between topographic features
and resistance against motion.
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Almost in all cases of near-to-present rockslides longitudinal sections, both for the
situations before and after displacement, are available (or easy to establish) so that it
is not very problematic to find the respective CoG locations with acceptable accuracy.
The impossibility to reconstruct certain details in the top region of Huascardn is an
exception (which, owing to the extension of the track, does not exclude a fairly rea-
sonable estimation). For prehistoric events the situation can vary from perfectly clear
to hopeless, and the handicap of a substantially reduced number of appropriate events
has to be admitted.

As a general rule, the chance for a useful estimate of CoG locations is not too bad in
those cases where a scar is perceptible and substantial parts of the deposits have re-
mained in place. In such instances reconstruction is, roughly speaking, confined to
the original outline of the surface. Thereby it may be of great help if the approximate
volume is known (which is required anyway as a basis for making use of the size ef-
fect). In the area of release, extreme eccentricity of CoG is not a very probable phe-
nomenon, and the same applies also to masses arrested by bulky obstacles (generally
steep slopes). The following remark might be useful in this context. Compare a rec-
tangular longitudinal section of a mass with a trapezoidal one of equal area and length,
having a ratio of 2:1 between the thickness at the proximal and the distal end. The
longitudinal difference of CoG positions then will be only 5.6% of its length. Contra-
rily, deposits extended over a considerable length require the measurement of their
depth at several points to obtain a sufficiently reliable result.

A positive aspect has to be stressed in this not very encouraging situation. Even
moderately accurate CoG positions probably will yield definitely narrower scatter
bands than known from overall slopes. To understand this prognosis it is useful to
recall the particular sources of scatter in long run-outs. Various mechanisms, rated as
marginal in the context of general motion, gain importance in the special circum-
stances of low thickness. Hereafter they are recalled to the reader’s mind. Small vari-
ations of the slope angles of bed and distal talus (Fig. 5.4) result in large variations of
length; rolling, as soon as the dominance of the overburden fades out, becomes pos-
sible both as near-to-surface free motion and as roller bearing (Sect. 5.3); the “ener-
getically bankrupt” rebounding - on slopes far smoother than required to overcome
friction - remains possible as long as there is sufficient (external and/or internal,
s. Sect. 4.2) kinetic energy to excite small bounds (Sect. 5.3); the mechanism of “play-
ing volleyball” (i.e. dynamic lubrication) is no longer strangulated by a low ratio be-
tween lifting and lifted masses (Sect. 5.5); kicking in the distal region, occasionally also
by large boulders overtaking the rest (Sect. 4.2), contributes to stretch the tongue
(Sect. 5.7); in certain cases, a substantial portion of water in the debris (not specially
treated in this book, s. Sect. 2.7) entails additional mobility. All these phenomena are
involved in a highly complex general interaction, and their particular contributions
to scatter add up in a manner difficult to treat quantitatively. It is nothing but natural
that a substantial total scatter necessarily results. When the CoG is considered instead
of the most distal elements, the internal effects are, to a certain extent, ruled out, and
it is not unrealistic to rate this gain higher than the drawback due to a somewhat im-
precise CoG determination.

Anyhow, a stringent necessity for the future consists in re-writing Tables 6.1 and
6.3 in terms of energy line slopes instead of Fahrboschung. As far as possible, geo-
morphologically perceptible and physically relevant features of the tracks should be
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Table 6.5. Features to be accounted for in re-writing Tables 6.1 and 6.3, visualised by example.
Ax: Length of section, referred to total length (sum is 1.0000); state C — D: disintegration within
section; state D: disintegrated

Ax State Slope Track Remarks

0.0303 C->D 1.00 Naked rock Disintegration near end of section

0.1591 D 0.33 Glacier ice Temperature unknown (summer)

0.1477 D 0.45 Naked rock Slight lateral confinement

0.0341 D 0.00 Rock, valley fill Vertical curve, R=190

0.0511 D 0.36 Rock+humus Run-up, half-curve on slope

0.0701 D -0.39 Rock+humus Half-curve, run-back impeding run-up
0.3636 D 0.13 Valley fill+H,0 Lateral confinement, 6 curves, 235 <R < 470
0.1440 D 0.07 Valley fill Spreading zone, H,0 uncertain, lake at end

added according to Table 6.5 in order to make possible an improved description of
similarities and/or a more consistent subdivision into groups.

It is well understood that the required work is very extended, both in the study of
existing literature and in the field. And it also has to be admitted that the way from
known events to an expected one is made more complicated by the necessity to con-
clude from topography (as far as discernible) to positions of CoG and vice versa. But
there can be no doubt that such efforts will not be made in vain.

*

What follows, is an abridged repetition of reflections developed, with overall slope
in mind, in this and the preceding section. Each of the items describing a method of
prediction might be introduced by the words: “Provided that a sufficient number of
events can be made available”, and the consecution of items is given by the condition
that from item to item the number of required events remains constant or is increas-
ing. It is well understood that in this context the term “required” includes the mean-
ing of “sufficiently well investigated to allow for successful application”.

51. Establishment, in the same way as for Fahrbéschung (and using all available events),
of a “CoG Scheidegger function”. Prediction based on expected volume. The aver-
age of many predictions will be better than that based on Fahrbéschung. Whether
any advantage can be obtained in comparison with more sophisticated Fahrbé-
schung-based predictions, is an open question.

52. Prediction by similarity based on CoG Scheidegger function. If number and vari-
ety of used events are sufficient, better average results than with any Fahrbéschung-
based method may be expected.

53. Use of CoG Scheidegger function to establish a standard-volume, CoG-based ta-
ble of energy line slopes f§, (in perfect analogy to Table 6.3); formulation and
solution of Gaussian normal equations. Prediction by local “coefficients of fric-
tion”. Advantage: coefficients can, after adjustment to volume, readily be used
for any new event. At the time being, accuracy is promising, though difficult to
estimate.
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54. Subdivision of events in groups with well-defined characteristics (analogous or
identical to V, M, L groups of Sect. 6.2) and establishment of a CoG Scheidegger
function per group. Prediction based on determination of group and expected vol-
ume. Comparison with Item 52 as concerning accuracy is difficult.

55. Combination of Items 51, 52, and 54 by subdivision of events in groups, establish-
ment of the respective CoG Scheidegger functions, and prediction by similarity. If
number and characteristics of used events are satisfactory, better accuracy than
with any other method presented so far may be expected (including the above items).

56. Combination of Items 53 and 54 by establishment, per group, of a standard-vol-
ume, CoG-based table of energy line slopes, including formulation and solution of
Gaussian normal equations. Prediction by local coefficients. Advantage: coefficients
can readily be used, after adjustment to its volume, for any new event. At the time
being, accuracy is promising though difficult to estimate.

It is evident that by no means can one of the proposed methods be recommended
by itself as “the best of all possible solutions”. On the contrary, it seems reasonable to
use, say, two and thus to obtain a means of mutual cross-checking. And it is well under-
stood that the resulting zigzagging energy lines, as yielding continuous information
about velocity, can be checked against other methods of velocimetry (s. Sect. 2.7, 6.2).

A general drawback, inherent to any CoG geometry in comparison with methods
based on Fahrboschung, lies in the necessity to estimate the additional reach of de-
bris beyond the final position of the CoG (Ax,, in Fig. 6.8). In other words: as soon as
disintegration acquires a certain degree, the thickness of the mass starts fading,and a
larger distance than that at release has to be added to the travel accomplished by the
CoG. It is evident that in all Fahrboschung-based methods this extra is included. A
toll has to be paid for any envisaged gain in accuracy. Where Ax,, is small as com-
pared with the total length of track (not to speak of masses remaining in an essen-
tially coherent state), the estimation may be a rough approximation. In cases of ex-
treme run-out length the problem can become serious. To decide how far studies on
granular motion can be helpful, is a challenge for future investigations (s. second-last
paragraph of this section).

If the method of local coefficients would turn out to give reasonable results, it certainly
would be a seducing challenge to attack the problem of a direct approach to the
parameters i and ¢, as postulated in Eq. 5.20 and thus to quantify the amount of
nonlinearity reigning in the mechanisms of rockslides. From the present study it appears
probable that, for the practical work of reach prediction, this additional knowledge would
not yield dramatic results. Still it would be an important step forward on the scientific
side if Kérner’s daring dream of 1976/1977 would come true on a more reliable basis.

The difficulties of such an endeavour, however, should not be underestimated. As
far as they lie on the mathematical side, they are not linked to the process of synthe-
sising an energy line. In fact, the differential Eq. 5.20 has, for the velocity v at the end
of a track section length As = Ax / cosf, the elementary solution

y= \/vi + (g —v2)e 2o (6.10)

where v..= V[g(sinf - trcosf) / ¢,] is the velocity of equilibrium reached after an in-
finite travel under constant external conditions, v, the velocity at the beginning of the
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section, g the gravitational acceleration, and y and c, the coefficients of Eq. 5.20. As a
more general alternative, this equation also can be integrated in quasi-infinitesimal
steps, and then more than two members (one constant, one proportional to the square
of velocity) can be taken into account (if at all required). More troublesome is the
problem of getting at the coefficients ¢ and ¢, which can no longer be determined by
a set of linear equations. Probably parameter variation would be the recommended
approach, and the requirements for computer capacity accordingly increased.

The real difficulty, however, resides in a physical question. The velocity-dependent
coefficient ¢, cannot be considered as constant. Like the micro-rugosity of a pipe passed
by a liquid, the macro-rugosity of the track may entail, by number and intensity, more
or less decelerating collisions with elements of the moving mass. And thereby the
degree of disintegration plays a most important role (Sect. 5.1). So it is not an easy
task to set up a system of equations, fed with granulometric and rugosimetric data
(as far as known) and yielding a set of locally assorted coefficients after solution.

This is true in spite of the fact that various studies treating granular motion, at least
implicitly, express the opinion that “granular flow” can be formulated relatively easily
by equations similar to those used in flow dynamics. Some of these studies (as well as
the resulting models, experiments, and simulations), no matter whether based on
Bagnold’s work (1954, 1956) or not, display a high scientific standard and also may be
of great use under certain circumstances - unfortunately rather in the field of mov-
ing bulk goods than that of rocks. To fulfil the conditions stipulated in the preceding
sections of this book, most of these studies lack sufficient consideration of some facts
which are essential for the displacement of a rockslide. Here the main examples: the
role of a large overburden; the variety not only of particle sizes, but also of their shapes;
the tendency of the particles to assume a position with the shortest axis at right an-
gles to the ground; the importance of lateral confinements; and, last but not least, the
size effect. Some of these publications already have been mentioned in other sections.
In Sect. 5.1 refer to: Savage (1979), Savage and Hutter (1989), Nohguchi et al. (1989),
Bak and Chen (1989), Wiesenfeld et al. (1989), Hutter (1991), Hutter and Koch (1991);
in Sect. 5.3-5.6: Dent (1985), Campbell (1989). It is not intended here to enumerate fur-
ther references, as a well-commented (though in certain respects perhaps somewhat
optimistic) review is given by Straub (1997).

Anyhow, there is a wide field open for perhaps rewarding (and certainly laborious)
investigations, a wide field of half-acquired knowledge which James Hutton (1795, II,
105) might have commented by his beautiful argument about the principle of trial and
failure: “If man must learn to reason,... he must reason erroneously before he reasons
right...”



Chapter 7

Secondary Effects

In descending, an immense mass had filled a verst of the gorge’s length, thus
damming up Terek River. Guards ... observed that the outflow rapidly was
fading, and in a quarter of an hour it was completely quiet and exhausted. It
took the Terek no less than two hours to force its way through the slide. Then,
indeed, it became terrifying!

Alexander S. Pushkin
(after having crossed the Caucasus; original in Russian)

7.1
Flood Waves

As an agent in the mechanisms governing the dynamics of descending rocky masses,
water has been mentioned more than once in this book. And the roles it had to play in
various contexts reach from the “anti-lubricant” postulated by Terzaghi (1960, 91) to
Abele’s highly efficient pressurised lubricant (1997b, 2), both backed up by extensive
field evidence. The role of water as the very destruction-bearing mass,however, though
stressed for the catastrophes of Val Pola (Sect. 2.5) and Vaiont (Sect. 2.6), has, so far,
not been discussed with respect to its physical background.

It may be considered as an open question how far such a discussion should take place
in this book. On the one hand, occurrences are, of course, frequent, and there are physi-
cal relations between fluid and rockslide dynamics; on the other hand, substantial parts
of a comprehensive excursion into this field would mean little more than retelling
things which have existed in the literature for a considerable time, and (as stipulated
in Sect. 2.5 and 2.6) often the usual equations cannot be readily applied to obtain reach,
especially in run-ups. So it appears judicious to confine more detailed comments to
the particular aspect of long run-outs and high run-ups and to refer to existing stud-
ies for the rest. This is all the more plausible as far reach often is connected with heavy
damages and as the mechanisms behind it, at least to the author’s knowledge, hith-
erto not have been treated with due care in the literature.

*

Among the various publications dealing with field evidence of waves generated by
masses plunging into a large volume of water (a lake or the sea), two of the most im-
pressive have been chosen for a short comment. The first case occurred in 1958 in Lituya
Bay, Alaska. Giant waves having run up as high as about 530 m (!) were reported by Miller
(1960). His study contains (p. 60) a table of similar events in Japan, Norway, and the
U.S.A., which, however, did not exceed a maximum run-up height of 80 m. This con-
trast, obviously not a consequence of erroneous observation, focuses attention on the
particular topographic situation in which a high kinetic energy must have been con-
centrated in a comparatively low volume of water. The second example concerns the
eruption of Mount St. Helens in 1980. In their elaborate description of the large rockslide
entailed by the partial decapitation of the mountain, Voight et al. (1983, 249, 255-258)
mention the wave generated in Spirit Lake. It ran up 260 m and was followed by a lift-
ing of the lake’s level by 60 m. This tour de force was accomplished by the easternmost
lobe of the slide which may have represented a mass of somewhat between 0.5 and 1 km’
(it is difficult to estimate the portion that, after having contributed to the generation of
the wave, turned to the left when encountering the resistance of the opposite slope); the
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lake, with a surface of about 8.5 km?, must have had a comparable volume. This makes the
case interesting for the present investigation as, owing to the difference in density, the
mass of rock very probably exceeded that of water by more than a few percent.

On the theoretical side, Noda (1970) developed a practical model of a slide plung-
ing into a lake, with ready-to-use equations allowing, for instance, to calculate, for a
given water depth, the wave amplitude resulting from a slide of given velocity (or vice
versa). A more recent study, backed up by laboratory tests and presenting the key in-
formation in a particularly compact form, was published by Vischer (1986).

It was with a good reason that Costa (1991, 26), in his thoughtful comments on Val
Pola (Sect. 2.5), pointed out that application of Noda’s equations would result in a vio-
lation of one of the basic assumptions made. In fact, the model is set up for everyday
use, and as waves most frequently are a consequence of relatively small incidents (lo-
cal rockfalls etc., as presented e.g. by Huber 1982, 566-570, in a historical review of
Swiss events), it is nothing but natural to assume the water-to-rock ratio of masses as
being far higher than unity. Now in the case of Val Pola the northern lobe of the slide,
at least 0.01 km?, hit a water volume that was about 200 times smaller. For Vaiont a
water-to-rock mass ratio of 1/20 already has been mentioned (Sect. 2.6), and even if
only the western lobe is considered, there still remains approximately a power of ten.
In both cases the velocity of the rock mass was relatively low: in Val Pola the water
was hit in a run-back, and for Vaiont even a top speed of 30 m s™! is excluded. As ob-
served here-above, things are not so clear for Mount St. Helens: very probably the mass
of rock was distinctly larger than that of water, and the velocity of the rock mass was
higher than in the two Italian events. Anyhow, in two of the three cases the run-up
heights on the water side were remarkably high if considered in their relation to the
velocity of the rock mass. So it appears worthwhile to think about mechanisms deter-
mining the displacement of a limited mass of water by a larger mass of moving rock.
Thereby due attention has to be paid to the inherent mobility of water.

*

In a somewhat idealised form the mechanism of sweeping away the water rather
than plunging into it (as characterised in Sect. 2.5) is represented in Fig. 7.1a~c. Three
phases can be discerned.

1. The more or less wedge-shaped frontal slope of the moving rock mass exerts - be it
with or without friction - a lifting and accelerating force upon the water (Fig. 7.1a).
This force decreases with the fading out of differential velocity between the two masses.
Simultaneously the water loses thickness by longitudinal and/or lateral spreading. The
phase ends in a momentary standstill of the water with respect to the slope (Fig. 7.1b).

2. Under the influence of gravitation the water starts re-descending. Thereby it as-
sumes a velocity more and more exceeding that of the rock mass. Spreading goes
on. The maximum of velocity is attained more or less simultaneously with passing
the distal edge of the rock mass (Fig. 7.1c).

3. After havingleft the rock mass behind, the water moves forth on the account of its own
kinetic energy. The height of a possible run-up of its centre of gravity (CoG) is, roughly
speaking, proportional to the square of the velocity at the foot of the run-up.

To obtain an easy quantitative approach to the essential points of the mechanism,
secondary effects should, in a first consideration, be left aside. Thus let (11) the ground
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Fig. 7.1. Mechanisms of effective energy transfer from large rock volume to smaller water volume.
Arrows: Directions of motion. a, b, ¢ displacement by sweeping away with “soft” restitution requiring
considerable relative travels. a Approaching rock mass starts vertical and horizontal displacement of
water; b water in most elevated position, momentarily immobile with respect to rock mass; ¢ water,
moving at top speed, on the verge of leaving behind rock mass. d Steep front of rock mass, unable to
lift water effectively, hardly can accelerate “bow wave” to distinctly higher velocity than its own.
e, f Forced expulsion of water from gully formed by immobile and advancing rock walls: velocity of
water is approximately proportional to H/L (refer to text); note that sketches e and f may be snap-
shots of one and the same process (sketch by Erismann)

be horizontal. Let (12) the water-to-rock mass ratio be low enough to base calculation
on a constant velocity of the rock mass. Let (13) the resistances against relative dis-
placement for the pairs rock/ground and water/rock (for the second-mentioned in-
cluding the first — possibly collisional - contact) be negligible while the mechanism
is working. Let (14) the rock mass be practically impermeable. And eventually, to sim-
plify things, let (15) the audacious observer travel with the rock mass, thus consider-
ing this mass as immobile.

In such instances the water is observed as being shot (at the unperceived velocity
of the rock mass) against the frontal slope of the rock mass, then running up the slope
until its kinetic energy is spent, finally running back and leaving the rock mass. Ex-
cept for the spreading of the water and the loss of CoG elevation resulting therefrom,
the entire process is - by virtue of Items 13 and 14 - perfectly symmetrical, and no
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energy is dissipated. So the velocities of the water in contacting the rock slope and in
leaving it differ only by their directions. Looked at with the eyes of an immobile ob-
server, this means that the water returns from the slope at twice the velocity of the rock
mass. In other words: the water acquires a kinetic energy (and a running-up capac-
ity) exceeding by four times that of a water mass moving at equal step with the rock
mass. This rough quantification promises an explanation for excessive run-ups.

Before acceptance of such a conclusion it appears, however, advisable to scrutinise
Items 11-15 for energetic leakages. Immediately Items 11 and 15 can be dropped as, on
the one hand, the initially horizontal surface of the water forces the considered part of the
track into a near-to-horizontal direction and, on the other hand, the viewpoint of the ob-
server is physically irrelevant - it was chosen for purely didactic reasons. The central pa-
rameter of the mechanism is the water-to-rock ratio of Item 12, so far assumed to be in-
finitesimally low. Its increase necessarily modifies the energy transfer from rock to water.

Here it is opportune to recall the collisions presented in Sect. 4.2 and (in the con-
text of kicking) Sect. 5.7. In fact, the above-described consecution of running up and
back on the slope of the rock mass energetically resembles a perfectly elastic colli-
sion of a large solid body with a small one. The difference, besides the particular fea-
tures of water, mainly consists in the duration of interaction which is not infinitesi-
mally short. The term of “soft restitution” might be used to mark the difference with
respect to restitution by collision. In all other respects there is a perfect analogy so
that the equations used for collisions are, mutatis mutandis, applicable. For a para-
bolic slope profile the process evolves in direct analogy to the loading and unloading
of a soft coil spring. Photos a and b of Fig. 7.2 show, in a primitive toy railway experi-
ment, the effect of such a spring that grants a high degree of energy restitution and
therewith a long run-out of a small body “softly kicked” by a larger one. Photos ¢ and
d of the figure, anticipating Item 21, represent basically the same configuration, the
spring, however, being replaced by an energy-dissipating crumple zone of aluminium
foil. For further comments see the legend.

Motional resistance and permeability of the rock mass are closely interconnected
so that Items 13 and 14 will be treated in common. As a matter of fact, according to the
permeability of the rock mass, different scenarios with different hydrodynamic
resistances can be imagined.

21.If the interstitial voids in the rock mass are sufficiently accessible and large to
swallow the entire water, the return, if at all taking place, may be reduced to feebly
seeping rivulets. Energy is mainly dissipated by the water being pressed through
numerous narrow, badly shaped passages, and the water assumes more or less ac-
curately the velocity of the rock mass (Fig. 7.2¢, d).

Fig. 7.2. Experimental demonstration of “soft restitution” between large driving and small driven p
mass as discussed for rockslide sweeping away small water volume. a, ¢ Initial situations with heavy
vehicle ready to descend and light vehicle ready to be hit. a Light vehicle bears soft coil spring as
energy accumulator. ¢ Heavy vehicle bears slightly pre-crumpled energy absorber of aluminium foil.

b, d Final situations after displacement. b High energy transfer between vehicles by loading/unload-
ing of spring, low dissipation (travels after collision: heavy vehicle 4 rail lengths, light vehicle almost

11 rail lengths). d High energy dissipation by complete crushing of absorber, low transfer (after colli-
sion equal travel of both vehicles: 5.5 rail lengths). Light-to-heavy mass ratio in configuration a,b 0.18;

in configuration ¢, d 0.16 (photos by Erismann)
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22.The other extreme is a practically impermeable front where the water cannot lose
much of its volume. This is the case of more or less coherent rock masses. As in
such instances the surface normally is rather smooth, excellent restitution may be
expected as far as the shape of the front allows for an appropriate lifting of the
water: a very steep or overhanging profile forces the water into a bow-wave shape:
run-up is low, and the ability of restitution is poor (Fig. 7.1d).

23.The third possible configuration, a moderately loose rock mass, is particularly in-
teresting by not excluding, under certain circumstances, a remarkably high coeffi-
cient of restitution. Necessarily, on the uneven surface of such a mass, an energy-
dissipating turbulent boundary layer starts to develop. If the “inlets” of the mass,
though unable to swallow a considerable portion of the water, can do so with most
of this layer, the turbulence in the unswallowed water is effectively reduced. The
mechanism is in perfect analogy to the technique of sucking off the boundary
layer at the critical portions of an airfoil, a solution known to aircraft engineers for
more than 6o years and achieving excellent resistance coefficients in the wind tun-
nel, but hitherto hopeless in practice owing to the problems of effective low-cost,
low-energy sucking arrangements. In the rockslide the toll paid is nothing but a
certain loss of water which is driven into the mass essentially by the weight of its
liquid overburden.

Obviously energy losses in this set of mechanisms can vary within a wide span so
that for its coefficient of restitution the range o < J <1 has to be considered. Similar
are the conditions for the water-to-rock mass ratio c,, = m,/m, which, by definition,
is restricted to o < ¢, < 1 (it is needless to say that m,, and m, are the respective masses
of water and rock). Then in Eq. 5.36, owing to the absence of an initial velocity of the
water, all terms containing the initial ratio of velocities ¢, = u,,/ u, (where u,, and u,
are the initial velocities of the two masses) can be cancelled, and the equation assumes
the simplified form

Yw _1+]
U l+cy

(7.1)

where v, is the resulting velocity of the water. Two trivial consequences are worth
mention: whenever ¢, > o is true, the rock mass loses velocity in the mechanism; and
for /= o both masses finally move at equal velocities. This is the case of irreversibly
swallowed water, as mentioned in Item 21 and visualised in Fig. 7.2d.

As a reasonable estimation of ¢, in many cases is not excluded, the essential diffi-
culty in prediction normally lies in determining J. If a rather coherent rock mass can
be expected, the shape of its front perhaps can be assumed more or less exactly. But for
a disintegrated mass a previous differentiation between the descriptions of Items 21 and
23 is an extremely problematic task. For J = o the resulting range is 0.5 < v,,/ u, < 1.0
and for J=11it is 1.0 < v,/ 4. < 2.0. And, as mentioned here-above, a factor 2 in veloc-
ity means a factor 4 in run-up height...

The circumstances of Val Pola point to a sweeping away scenario. When hitting the
water, the mass of rock definitely was in a disintegrated state. And as the lake had a
maximum depth of only 5 metres and lay in the relatively flat area near Morignone
(Fig. 2.32), a mechanism similar to that shown in Fig. 7.1a—c can be imagined. In view
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of a negligible value of the water-to-rock mass ratio ¢, coefficients of restitution J
between 0.5 and 0.7 would have yielded water velocities 1.5 to 1.7 times that of the rock.
Without this acceleration, the water would have run up only 62 to 48 m instead of the
140 m partly visible in Fig. 2.34.

*

The inherent mobility of water makes possible another mechanism able to accel-
erate a relatively small mass of water to a high velocity. Imagine an essentially coher-
ent rock mass with a steep distal front approaching a steep slope on the opposite side
of a valley containing a sufficient amount of water. Thereby a narrowing water-filled
gully is formed between the two rock walls (Fig. 7.1e, f). As a necessary consequence
the water is forcibly expelled by the rock taking its place. Similar situations certainly
did occur in the case of Vaiont (Fig. 2.36).

The velocity which the water can assume depends on the velocity of the rock mass
and the geometry. In fact, the mean forced velocity of the water is proportional to the
velocity of the rock mass and to the hydraulic ratio of transmission between attack
and escape of the water. And this ratio is the quotient of the sectional area of attack
divided by the sectional area of escape. Both areas have, of course, to be considered at
right angles to the respective displacements. Now assume an approximately plane flow
for the central portion of the event (the total width being sufficient to neglect, in this
portion, lateral escape of water). Thereby the process is reduced from its originally
three-dimensional to a two-dimensional level and the quotient of areas to a quotient
of lengths. So the mean velocity of escape can be written

Vw =V

=

(7.2)

where v,, and v, are the respective velocities of water and rock, H the thickness of the
area of attack (at right angles to the direction of attack), and L the longitudinal ex-
tension of the area of escape (at right angles to the direction of escape).

H and L are shown in Fig. 7.1 in two different configurations. The ratio of trans-
mission of the “hydraulic gear” is somewhat below unity in Fig. 7.1e and above 2 in
Fig. 7.1f. Now both sketches may be considered as two snapshots of one and the same
process. In other words: the ratio of transmission is increasing while the mechanism
is going on. This means that in the final phase, provided that the rock mass is large
enough to overcome the rapidly growing pressure of the water, excessive escape ve-
locities are not excluded. They may exceed by several times the initial velocity of the
rock mass.

Where exactly, in the case of Vaiont, the centre of gravity (CoG) of the water at the
end of its run-up might be found, is an open question. Yet, as the highest level reached
by water was at about 950 m, i.e. 240 m above its initial surface (not its CoG), a con-
servative estimate for the CoG’s run-up would perhaps yield 130 m. For a perfect con-
version of kinetic energy of rock into potential energy of water this would mean an
initial velocity of 50 m s™! or, if the maximum velocity of the slide was 25 m s}, twice
this value. In addition, certain sources of energy losses, both in conversion from rock
to water and in running up, cannot be ignored. Hence it is as good as certain that the
overall ratio of rock to water velocity exceeded the level 2.0, 1.e. the absolute limit found
for the sweeping away mechanism. This is, besides the topographic evidence (Fig. 2.36),
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a strong argument in favour of forced expulsion as the mechanism having acceler-
ated the water in Vaiont Valley.

It should be repeated, in this context, that the ratio of transmission v,/ v,,as defined
in Eq. 7.2, continuously increases during the process of water expulsion. It can, there-
fore, not be compared directly to the ratio v,/ u, of Eq. 7.1 where the final mean ve-
locity of water was related to the initial velocity of rock.

*

To all appearances, the two presented mechanisms give sufficient arguments for a
physically plausible understanding of the unexpectedly dramatic effects observed in
the events of Val Pola and Vaiont: water reached farther and ran up higher than could
be guessed by attributing it a velocity equal to that of the rockslide which mobilised
it.

For both mechanisms fundamental difficulties of prediction remain. In case of
sweeping away, an exact estimation of the coefficient of restitution can become a knife-
edge question between Items 21 and 23. And for forced expulsion, the question of how
far the rock mass is decelerated in the moment of maximal water velocity, cannot be
predicted with reasonable accuracy. In both cases even a careful estimation contains
a substantial uncertainty, especially if the result has to be expressed as a run-up height.
In both cases extreme caution is recommended.
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7.2
Damming Effects

In the preceding section water has been presented as a medium sometimes active at
places so distant from a rockslide that its appearance was unexpected. Val Pola
(Sect. 2.5), contrarily to Vaiont (Sect. 2.6), can be considered as a model case in which
correct prediction would have been very difficult. In addition to a precise forecast of
the rock displacement in running back, it would have required a very special knowl-
edge of rock-to-water energy transfer (Sect. 7.1). Hereafter a possibly even more per-
fidious quality will be commented: water can bear its destructive capacity over hun-
dreds of kilometres, and such strikes may be delayed by hours, weeks, or millennia,
thus creating similar situations of threat, uncertainty, or false certainty as often do
exist in the time preceding the release of a rockslide.

Nevertheless, the usual configuration is almost the simplest that can be imagined.
A rockslide (or a large rockfall as in the case of Randa, Noverraz and Bonnard 1991;
VAW 1991, 30-32), after descending from one of the lateral slopes of a valley (or along
a tributary valley), dams up an existing water course, thus forming a lake. In the key
events (Chap. 2) this configuration entailed actual damming in four cases, namely:
Kofels (Sect. 2.4) where a lake did exist for several millennia in the basin of Lingenfeld,
at the south of the deposits (Heuberger 1975, 234-235; Heuberger et al. 1984, 347); Val
Pola (Sect. 2.5) with a succession of two dangerous effects, the precursory little lake,
cause of the actual death toll, and the main one that threatened for some weeks the
densely populated Valtellina Valley, but finally was controlled by well-planned drain-
age (Costa 1991); Vaiont (Sect. 2.6) where part of the artificial basin was additionally
dammed by the slide without generating additional damage (Fig. 2.42); finally
Huascardn (Sect. 2.7), particular by the alertness of the inhabitants which, in taking
flight from the threatened valley, avoided a possibly even more disastrous catastro-
phe than that of Yungay (Plafker and Ericksen 1978, 297; Stadelmann 1983, 64).

It is by no means extraordinary that four in six key events - chosen on account of cri-
teria alien to damming - display this phenomenon (and that Pandemonium Creek would
have represented a fifth example if the mass had crossed a valley of lesser steepness). In
fact, it has to be taken into account that valleys crossed by a descending mass are frequent,
and so is also the chance of the material to be ample and resistant enough not to be immedi-
ately washed out by a course of water. So damming is necessarily a frequent phenomenon.

*

It is needless to say that normally the main danger is not that of dwellings with
their inhabitants being engulfed by the lake growing behind the dam: only in excep-
tional cases the rate of level-raising can be high enough to exclude the possibility of
timely escape. The main danger resides in the accumulation of a substantial volume
of water, followed by its rapid release due to a failure of the dam and resulting in the
inundation of the valley downstream.

The description and discussion of the various mechanisms of failure cannot be
treated in detail in a book mainly dealing with motional dynamics of rocks. Some
general remarks, however, will be presented later. But first a short choice of citations
from the literature of the twentieth century will be discussed. It will show that the in-
terest mainly remained centred on geomorphological questions while dynamic as-
pects only sporadically were considered, prevailingly in spartanian shortness.



286 Chapter 7 - Secondary Effects

Russel’s (1927) description of several slide-generated lakes in the North-western
Great Basin (U.S.A.), in the section dealing with extinct lakes, only once gives a some-
what more extended comment concerning a mechanism {pp. 243-244). It runs as fol-
lows: “... draining of Lake Jess apparently took place rapidly without any notable rest-
ing stages as but one shore line marks the level of the lake. This suggests that once the
Pitt [River] succeeded in eroding the steep western side of the slide to the extent of tap-
ping the lake, the further removal of slide material was rapid...”

Approximately at the same time in the U.S.A. the opportunity was given to go some-
what more into detail owing to the catastrophic flood of Gros Ventre (Wyoming) in
which, on May 18, 1927, the village of Kelly and several ranches were destroyed and six
or seven persons drowned. Alden (1928, 353-358) presented a well-illustrated report
about the flood. The collapse of the dam (generated in 1925 by a rockslide) had taken
place after almost two years of more or less peaceful seepage balancing the influx to
the lake. So a false feeling of security had developed. The flood was preceded by a winter
rich in snowfalls, followed by rapid melting and heavy rain. As apparently nobody had
witnessed the break-through, Alden undertook to reconstruct “...what really happened
at the dam...”. The essential sentences certainly are worth literal citation: “Probably
seepage increased rapidly as the lake rose and this tended to undermine at the same
time as overflow at the lowest point cut the initial channel... Rapid deepening of the
trench across the crest must have caused rapid slumping at the sides and the loose ma-
terial must have at once been swept out of the way, opening a broad outlet toward which
the enormous body of water started moving with rapidly increasing velocity...” Of
course, it is an open question how far a combined action of erosion from the top and
undermining at the bottom did exist. Anyhow, the description sounds realistic. In fact,
Fig. 3.12 shows that immersed spherical blocks of 6 m diameter (corresponding to the
maximum of 20 ft.reported by Alden) require a velocity below 4 m s™" to be displaced
by sliding (not to speak of rolling!). This is what can be expected at a passage driven
by a differential elevation of about 0.8 m - an impressive little illustration of the trans-
porting capacity residing in flowing water.

In his famous book, Heim dedicated a section to slide-generated lakes (1932, 168-174).
Four basic types were discerned: (1) damming of a valley by deposits coming from
one of its slopes or a lateral tributary valley; (2) damming of a tributary valley by de-
posits in the main valley; (3) lake in a local depression of the deposits; (4) lake be-
tween scar and deposits of a slide with short run-out. For each type, several exam-
ples, mainly in the Swiss Alps, are mentioned, in certain cases also described. Among
the ten completely or partly extinct lakes mentioned in this context, Buzza di Biasca
(Ticino, Switzerland) is the most disastrous and the most interesting at once. Cover-
ing, in 1512, a vertical span of 1990 m, this rockslide was very high. The lake, formed
by the river Brenno, had a volume in the range of 0.2 km®. It engulfed the villages of
Malvaglia and (partly) Semione, but the inhabitants had had the time to leave their
dwellings. In 1514, not even two years after the slide, the dam gave way. A catastrophic
flood destroyed the large village of Biasca, killed about 600 persons, and caused dam-
ages along Ticino River and parts of Lago Maggiore, at a distance of more than 30 km.
As in the case of Gros Ventre, only guesses about the phenomena preceding the break-
through are made. Sagging, cracks, and violent erosion at the outlet are supposed.

Among the lake-generating events briefly mentioned by Heim is also that of Disentis
which, in comparison with Buzza di Biasca or Huascardn (s. below), was remarkably
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harmless. The slide, in 1683, barred the mighty water course of Vorderrhein for three
hours. Then the dam was overflown, but its giving way was the gradual formation of a
deepening passage so that no catastrophe took place.

It is well understood that in their anthologies of alpine events, Montandon (1933,
295-296,304,336) and Abele (1974, 121-125,182-183) not only mentioned Buzza di Biasca
and Disentis but also reserved the space required for the presentation of case histo-
ries with collapsed dams (Montandon enumerates no less than 25). However, these
authors also concentrated their interest mainly on geomorphological aspects.

For the extremely dangerous dam failure of Huascardn (Sect. 2.7; Platker and
Ericksen 1978, 297; Stadelmann 1983, 64) some important facts can be found in the
literature. Besides rock of various granular sizes, the dam contained large quantities
of mud and ice. For a short space of time, mud may have played the role of a sealant,
but certainly washing out began quickly and initiated an increasing process of seep-
age. The high temperature not only resulted in an ample supply of melt-water to Rio
Santa: it also could not fail to melt the ice in the dam so that local collapses in the
originally coherent mass were programmed. Once this twofold mechanism of destruc-
tion having been started, a complete annihilation of any damming effect must have
been the work of few minutes. All in all, the massive break-through occurred about
half an hour after the event proper.

»*

The term of “dangerous dam” as used above raises the question of criteria allowing
to recognise a dam as - at least potentially - dangerous. Such conditions are contra-
dictory to a certain extent. On the one hand, to be dangerous, a dam should be tight
enough to exclude a continuous draining by seepage, and strong enough to withstand
the hydrostatic pressure at a substantial water depth. On the other hand, it should bear
the germ of rapid destruction, or, more precisely, of a rapidly opening passage large
enough for the formation of a surge exceeding by far the normal flow through the val-
ley. These are the - so far unspecified - basic qualities of a potentially dangerous dam.

To establish a first systematic order in the consideration of pre-failure mechanisms
it appears useful to make a difference between the effects of seepage and overflow. For
both, however, the general rule should be borne in mind that the transporting capac-
ity of water is a function of the differential pressure acting upon an obstacle. This
pressure may be essentially static (if the water’s velocity is non-existent or negligible)
or dynamic (if the obstacle is exposed to a flow). Quantification of the static case is
trivial (s. hereafter), that of dynamic sliding follows Eq. 3.7 and Fig. 3.12 - with cer-
tain corrections if the criteria of validity are unduly violated, i.e. if the body is only
partially immersed or if the ground is oblique. If rolling takes place, it is always more
economic than sliding. Both in rolling and in sliding the critical velocity of transition
from immobility to motion - e.g. v, in Eq. 3.7 - is proportional to V(V/ A), i.e. to the
square root of the longitudinal extension for geometrically similar bodies. In other
words, smaller particles are easier to move than larger ones - another size effect.

At this point serious differences between seepage and overflow come up. In a sub-
terranean environment any particle may become involved in the complex system of
force transmissions resulting from the overthrust load. In such instances the parti-
cle’s frictional resistance against the flow of seepage is dramatically increased. Near
the downstream end of a seeping zone this effect fades out owing to decreasing over-
thrust thickness, and the chance of a particle to be definitely washed out is increased.
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A particularly important role in this context is that of particles moving in spite of being
(as a rule slightly) loaded: in being pushed ahead, they necessarily entail a redistribu-
tion of forces in the support of overthrust. Sooner or later such incremental effects
may add up to a local collapse which, in its turn, may contribute to phenomena per-
ceptible at the surface. This is probably what Alden meant when he spoke of “under-
mining”. And as this process of undermining prevails downstream, it entails local
steepening of the dam’s slope and possibly prepares a bed for an overflow channel.

This is, of course, only one half of the truth about seepage. The other half lies in the
velocity distribution of seeping. As shown by Eq. 3.5, the force exerted upon a body in a
- prevailingly turbulent - flow is proportional to the square of velocity. Now the high-
est velocity occurs in the narrowest passages. So particles undergo the highest driving
force where they almost clog the passages. The extreme case would be total sealing or,
in other words, the transition from a dynamic to a static mechanism. In such instances
the initial situation of fine loose material within a dam is important. If it is mainly on
the side of the lake, it must be pushed from there through the entire thickness of the
dam to find outlets on the downstream side. And in each narrowing passage the parti-
cles, on the one hand, accelerate their own motion by generating an increased pressure
drop, but, on the other hand, they risk being caught, possibly (e.g. by wedging) in a more
than transient manner. If, however, such material initially is found rather on the down-
stream side of the dam, its way is shorter, and its chance to get at an outlet is improved.
There is no question that this configuration means a shorter lifetime for dam and lake.

In seepage, the level of a lake’s surface is nothing but the determining parameter of
the pressure drop through the seeping zone. Contrarily, this level must attain the dam’s
crest to fulfil a trivial precondition for starting a surge by overflow. How long it takes to
reach this situation, depends on various parameters: the required volume, the water
supply, and its losses (mainly by seepage, as evaporation normally is negligible). As soon
as overflow has begun, a balance can be defined between supply and escape of water:
the level of the lake must exceed that of the crest sufficiently to warrant an escape (by
overflow and seepage, if any) equalling the entire supply. Of course it is, however, an
open question whether this state of balance is at all attained. In fact, from the very start
of overflow, the water exerts hydrodynamic forces upon the particles in its way. So, once
more on the basis of Eq. 3.7, the conditions of balance may change by displacement of
particles. The process is not unambiguous: disappearance of a particle locally increases
the free section, thus reducing velocity of flow; but it also may lower the mean alti-
tude of said section, thus increasing both the differential elevation and velocity. It is
obvious that, in analogy to seepage, the longitudinal gradation of particles is impor-
tant. And it also is obvious that a particle, once having started motion on the more or
less horizontal crest, has a good chance to move in the subsequent descent.

All in all, these short considerations should make plausible three facts. Owing to
the multitude and variability of determining parameters, (11) the space of time be-
tween formation and failure of a dam may vary within an extremely wide range; the
existence of an abundant water supply (12) warrants early overflow but does not nec-
essarily mean a catastrophic discharge (compare the issues of Huascardn and Disentis);
and (13), in spite of basic processes allowing expression by relatively simple equations,
the formulation of straight-forward algorithms for reliable lifetime prediction is not
an easy task, especially not in circumstances favouring a false feeling of security as in
the cases of Gros Ventre and Buzza di Biasca.
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7.3
Various Secondary Effects

Of course, rockslides and rockfalls entail, besides those connected with water, a con-
siderable number of other effects, most of which are of lesser importance as far as
immediate damage to human lives and goods is considered. Nevertheless some of them
are worth mention in the present context, mainly owing to the interesting mechanisms
involved.

*

Various events are reported to have been accompanied by violent gusts of wind. As
mentioned in connection with Huascardn (Sect. 2.7), boulders (and clusters thereof)
could not accomplish their giant bounces without carrying along a more or less ex-
tended boundary layer of air. All the more a large, badly streamlined mass - no mat-
ter, whether coherent or disintegrated - cannot travel at high velocity without trans-
mitting a minute portion of its kinetic energy to the surrounding air. Thickness and
velocity distribution of such layers are not easy to determine. In any case the mass in
its immediate vicinity imposes its own velocity on the air, and somewhat farther off
eddies are detached so that effects can be observed at distances of several metres or
even tens of metres. For Val Pola, to quote the example of a fast event, chopped trees
(Crosta 1991, 101, and author’s observation) are found at definitely more than a dozen
of metres beyond the traces of moving debris. In such instances it is by no means ex-
cluded that persons may be knocked down or killed by a gust.

Observations pointing to a high turbulence unintentionally were reported by an
author who definitely was not an expert in aerodynamics. In his inexhaustible book,
Heim (1932, 142-143) mentions, for the case of Elm, a very uneven local distribution
of gust effects (as typical in case of eddies). More problematic is his subsequent state-
ment that many people had been lifted by the gust. It should be borne in mind that
such a tour de force needs — mutatis mutandis according to Eq. 3.5 - a vertical com-
ponent of velocity in the range of 80 ms™, a figure exceeding both the maximal ve-
locity of the mass in its descent (about 60 m s™, s. Sect. 6.2) and the velocity required
to knock down a man. So it is probably not excluded that persons knocked down by
the unexpected force of a gust had, in the extreme stress of the situation, a feeling of
having been airborne for a moment. And, of course, a sudden fall of this kind, accord-
ing to the particular circumstances, may represent a serious danger. The hypothesis
of a psychological delusion is, to a certain extent, backed up by the fact that many of
these persons are reported to have been put down gently. In fact, the idea of a genuine
aerial transport crowned by a gentle landing is more than what a person acquainted
with aerodynamics can cope with.

*

The second interesting mechanism, connected with recent investigations, is deal-
ing with one of the key events of this book. It has to do with the rather plausible fact
that a large disintegrated rockslide mass can bring to light materials formerly safe-
guarded by impenetrable rock dozens or hundreds of metres thick.

Thereby three partial mechanisms require special attention. All are connected to
disintegration. (1) Certain chemical and physical processes (reactions, emanations etc.)
tend to be substantially accelerated by an increased surface of the particles in a given
volume of rock. It should be borne in mind that halving the linear dimensions of par-
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ticles means doubling their total surface. (2) In the process of spreading, the distance
between an active zone (be it in a physical or in a chemical sense) to the surface has a
chance to diminish. Even in the case of a mass having travelled in coherent state and
being disintegrated by a last dramatic collision, lateral and/or distal portions usually
cannot fail to show cropping out material that originally was quite distant from the
surface. (3) In a disintegrated mass a liquid or gaseous medium, even if generated at a
certain distance from the surface, sooner or later may get there owing to the intersti-
tial voids. In this context the importance of water as a vehicle for originally non-fluid
products is obvious. It is, however, clear that effective delivery is fast delivery so that
the lifetime of a phenomenon is confined by its fastness.

In such instances the ideal set of preconditions for phenomena of said kind is given
in a large (i.e. having enclosed its treasures in a solid safe), coherent (i.e. not having
spent much of said treasures before descending), young (i.e. not having had the time
to spend much after descending) rockslide, drastically disintegrated (i.e. having
opened the safe) in its descent and allowed to spread in running out (i.e. generously
spending).

Passing in review the key events, no ideal candidate can be identified. Three are
large, but Blackhawk is old, Kofels did not accomplish much spreading in running out,
and Vaiont was not disintegrated at all. Yet Kofels has been cut by the Maurach Gorge
(“Maurach-Schlucht” in Fig. 2.18). In addition, certain spreading zones are found at
both ends of the gorge.

As early as 1940 Kriise, in a study dealing with the radioactivity of springs in Tyrol,
showed that in the rockslide area substantially higher values were observed than else-
where. This potentially interesting statement passed almost uncommented in the
shadow of the discussion about the cause and nature of the event (s. Sect. 2.4). In the
early nineties, however, the question found its way to the press and assumed a rather
charged role in local politics (times had changed, and radioactivity of a spring no
longer was considered as a selling point...). In fact, the village Umhausen (Fig. 2.18),
partly standing on the deposits of the slide, turned out to be exposed to an alarm-
ingly strong radiation (Purtscheller et al. 1995). As could be expected, the noble gas
radon (generated by fission of uranium via radium) was the cause - a perhaps sur-
prising demonstration of the fact that a rockslide can continue to be harmful over many
thousands of years. It might be added that simple mitigating measures do exist for
buildings contaminated by radon. Usually it suffices to equip the cellar (i.e. the badly
ventilated room next to the ground) with a massive concrete floor of a thickness dic-
tated by the unshielded radon flux.

The connection with the slide was not only backed up by the topographic distri-
bution. A special expedition to the “Himalayan twin” in Langtang yielded - mutatis
mutandis - similar results.

*

More than that: the rockslide of Kofels, generous (though sometimes malicious) in
presenting results of particular interest, added to this physically generated material
one of chemical origin, brought to light by a similar mechanism. Near the entrance of
Maurach Gorge (again at a location that might be expected) no less than 16 sulphur-
ous springs were found, and it could be shown that they came from pyrite in the small-
grained debris. Water had effectively taken part in the process of bringing to the sur-
face the active material.
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This brand-new information and the permission to use it here is owed to Profes-
sor H. Mostler, Director of the Institute of Geology and Paleontology at Innsbruck
University (oral communication obtained through the help of Professor H. Heuberger,
Salzburg).

*

Of course, various further secondary effects could be enumerated, especially if
human reactions (as presented mainly in Sect. 2.5, 2.6, 3.3) are not excluded. However,
their connection with the general theme of this book probably would be found ques-
tionable or even non-existent. And an unmistakable signal in this respect was given
by the last-mentioned example: when the discussion of a phenomenon, essentially
considered as a byword for danger and destruction, gets at a product potentially us-
able as a means of healing, a boundary is attained and the time is ripe to close game,
set, and match...



Review of Highlights

This review is addressed to two categories of readers.

* Hasty readers, unable to spare the time for reading the entire book, are given the
opportunity of acknowledging, so to say, its message.

= Readers interested in particular questions can use the review as a means of orienta-
tion, indicating the respective sections and more informative than an index.

Release depends, besides slope and coefficient of friction, on coherence with solid
rock as basic parameter. By describing the critical configuration of crack length and
strength, fracture mechanics can be helpful (Sect. 3.1, 3.2).

By lifting or crack opening effects, hydrostatically pressurised water can play a key
role in the release of single blocks or large masses (e.g. Vaiont, probably also Val Pola;
Sect. 2.5, 2.6, 3.3).

Human activity may entail catastrophic events, especially by risky mining (e.g. Piuro,
Elm, possibly also Frank) or by wrong interpretation of observed phenomena (e.g. the
last stage of Vaiont; Sect. 2.6, 3.3).

Disintegration begins with the first fracture of an essentially coherent mass. Usually
due to static load in slope variations, it may influence the products of disintegration
(resistant blocks after bending, fragile slabs after shearing fracture). Fracture me-
chanical treatment is often required (Sect. 4.1).

Besides dynamic disintegration, collisions of particles with immobile obstacles reduce
momentum and kinetic energy of a mass. Collisions between particles reduce only the
kinetic energy, thus justifying the term of “internal” (not momentum-bound) kinetic en-
ergy. They entail simultaneously spreading and equalisation of particle velocities (Sect. 4.2).

Disintegrated masses, anisotropic by virtue of gravitation and friction (active despite
the shortness of collisional contacts), are reluctant against relative displacements between
particles, thus contributing to preserve the sequential order of components (Sect. 5.1).

Both coherent and disintegrated masses have pros and cons with respect to far reach.
Pros of coherent motion: no losses of internal kinetic energy; ability to bridge depres-
sions and to shear off asperities; no need for lateral confinements to be kept together.
Pros of disintegrated motion: easier passing through narrow clearances and mean-
ders; extra reach owing to longitudinal spreading (especially in distal talus) (Sect. 5.1).

A rather sudden stop of a disintegrated mass, as repeatedly observed (e.g. EIm), is
an argument in favour of Coulombian friction (Sect. 5.2).
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Rolling, frequent in rockfalls, has no chance in a large mass, except near the surface
(e.g. in the form of large boulders, “floating” on top of the rest). In particular, roller
bearings usually are excluded by crushing and - for disintegrated masses — by self-
arresting mechanisms (Sect. 5.3).

Bouncing, a frequent mechanism, perfectly suited for quantitative treatment (espe-
cially if the projectiles are large enough to neglect aerodynamic drag), sometimes se-
duces to daring calculations yielding unrealistic velocities (e.g. Huascaran) (Sect. 2.7 5.3).

Repeated rebounding, a particularly economic means of locomotion, works only
under very special circumstances. Normally the energetic gain of air travelling is com-
pensated in the next collisional ground contact (Sect. 5.3).

The restricted importance of rolling and repeated rebounding in the displacement
of large masses stresses the importance of sliding (Sect. 5.3).

Unlubricated sliding rock on rock comprises energy dissipation independent of ve-
locity (e.g. scraping, abrasion of obstacles) and proportional to the square of velocity
(e.g. forced detours, acceleration of abraded material). So for expressing the resulting
braking force two terms are suggested: a constant and a velocity-quadratic one (the
second sometimes is negligible, see under velocimetry hereafter) (Sect. 5.4, 6.2).

Unlubricated sliding underlies various secondary effects, in particular wedging (in-
creased friction in sharp-edged cross-sections) and size effects (e.g. abrasion of as-
perities which follows the “area-to-volume” rule; more efficient track-making by thick
masses) (Sect. 5.4, 5.7).

Quasi-laminar motion of a disintegrated mass in several layers is incompatible with
Coulomb’s rule: the sliding surface with the lowest coefficient of friction (usually near
to the bottom) sooner or later forces all other surfaces into a relative standstill (“rule
of lowest y dominance”) thus helping to preserve the sequential order of components
(Sect. 5.4, 5.5).

Lubrication frequently occurs by pressurised water. This effective, load-sharing
mechanism is due to the weight of a rockslide which, moving over a water-saturated
valley fill, compresses it and thereby pressurises the water, thus forcing it to take part
in supporting the weight (Sect. 2.2, 5.5).

Lateral and proximal attenuation of pressurised water lubrication (due to escape
of water) may form pull-apart voids (cracks, funnels) through which pressurised wa-
ter rapidly ascends (as long as they are open) and may fill them with particles carried
along, thus yielding a local gradation coarse on bottom (Sect. 2.2, 5.7).

The absence of an effective mechanism of compression and the high effectiveness
of escape (laterally as well as through a mass which is non-resistant against exten-
sion) exclude lubrication by air after take-off from a “jumping hill”. The concept of
an airfoil-shaped giant rock glider can be reduced to absurdity by calculation of the
required velocity (Sect. 2.3, 5.5).

Self-lubrication by thermally transformed material of ground and/or mass (melted:
ice, crystalline rock; dissociated: carbonate; dehydrated: gypsum, serpentine; evapo-
rated: water) is effective owing to its occurring exactly at the locations requiring lu-
brication (e.g. Kofels: field evidence of gneiss complemented by artificial friction-
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melting with marked lubricating effect). Some processes are difficult to trace a poste-
riori as certain materials leave no durable products (Sect. 2.2, 2.4, 2.7, 5.5).

Self-lubrication by solid-state particles, possible on steep slopes (e.g. rockfalls), is
not an energetically plausible mechanism for rockslides, all the more so for long run-
out events (Sect. 5.5).

Fluidization by water is possible in a fine-grained material. It then behaves like a
viscous fluid and thus entails a reversal of sequential order of components. Excep-
tion: a thin layer of fluidised material at the bottom of a mass may act as a lubricant
(e.g. Goldau, Gros Ventre) (Sect. 3.1, 5.5, 5.6).

Fluidization by air or solid state particles can be shown as being less economical
than the respective modes of lubrication. So a discussion in more detail is superflu-
ous (Sect. 2.3, 5.5, 5.6).

Acoustic fluidisation by the noise of the moving mass, though theoretically well-
founded, is limited in its validity by the uncertainty of continuous transfer of acous-
tic waves between shaken clasts and by an insufficient (though possible) concentra-
tion of velocity gradients at the bottom of the mass, necessarily entailing a reversal of
the sequential order of components (Sect. 5.6).

Curves in a mainly horizontal plane may serve for velocimetry by superelevation. As
a disintegrated mass is able to oscillate around a longitudinal axis, due consideration
of forced oscillation is required, i.e. phenomena like time lag, damping, resonance
(probable for Huascardn). Besides, the surface of the mass may be convex or concave
(Sect. 2.2,2.7,5.7).

If a curve lies in a horizontal plane, the increase of total (and therewith also fric-
tional) force resulting from vectorial addition of weight and centrifugal force usually
is moderate (e.g. Pandemonium Creek). In a vertically oriented curve (due to varia-
tions of slope) excessive effects such as taking off (bouncing) and doubling or tre-
bling of friction may occur (e.g. Val Pola, Huascardn) (Sect. 2.2, 2.5, 2.7, 5.7).

The reach of spreading clasts in distal and lateral zones not covered by the bulk of
amass is particularly far if a light clast is kicked by a heavy one and if, in addition, it is
hit in a phase of running back (resulting velocity may exceed that of the heavy clast
by more than 2:1) (Sect. 4.2, 5.7).

Velocimetry en route (e.g. by superelevation etc.) is a rare opportunity and may be
handicapped by physical flaws. Therefore current a posteriori start-to-stop velocimetry
uses either a constant coefficient of friction (Heim/Miiller-Bernet) or a resistance
with a velocity-quadratic and a constant term (K6rner). Both methods are based on
the (wrong) assumption of constant coefficients over the entire travel. So the superi-
ority of the twin-terms method is at least dubious (Sect. 2.2, 2.5, 2.6, 2.7, 6.2).

The use of a variable frictional resistance, based on en route velocimetry, improves
accuracy and practically equalises the results of both methods - an argument in fa-
vour of the single-coefficient approach (Sect. 6.2).

For both methods substantial errors - frequent despite their triviality - result from
the “original sin”, i.e. the use of overall dimensions instead of the path of the centre of
gravity of the mass (Sect. 2.2, 2.5, 2.7, 6.2).
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Reach prediction by the size effect, mathematically optimised on the basis of many
events and represented by a plot of Fahrbdschung vs. mass volume (Scheidegger func-
tion), is feasible, though encumbered by wide scatter. Replacing Fahrbéschung by
apparently better parameters like “excessive travel distance” offers no physically jus-
tified advantage (Sect. 6.4).

A size-independent tribological quality parameter (“standard Fahrb6schung”),
obtained by referring the Fahrbéschung of an event to a standard volume, allows for
direct comparison (and detection of similarities) between large and small events and
thus can serve as a tool for “prediction by similarity” (Sect. 6.4).

In parallel with velocimetry, subdivision of a track into characteristic sections
(e.g. naked rock, glacier ice, water-saturated valley fill, etc.) and mathematical deduc-
tion of local coefficients from a large number of known Fahrbdschung values, after
appropriate preparatory work, may become a promising basis for prediction (Sect. 6.4).

Once more in parallel with velocimetry, also the replacement of Fahrbéschung by
the inclination of the path covered by the centre of gravity of the mass is promising in
terms of improving accuracy, again at the cost of additional evaluation of many events
(Sect. 6.2, 6.4).

Obviously combinations of the three last-mentioned methods are not excluded
(Sect. 6.2, 6.4).

Flood waves may be particularly dangerous if a relatively small mass of water is
directly launched by a far larger rockslide mass. It can run up and run back on the
front slope of the moving rock mass, thus attaining almost twice the velocity of the
rock mass (e.g. Val Pola). Even worse can be the case of water forcibly expelled be-
tween an immobile steep wall of rock and the approaching rockslide mass (e.g. Vaiont)
(Sect. 7.1).
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