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1. Introduction

Very large rockslides in strong rocks usually disintegrate into rapidly flowing
masses of fragments, travelling far beyond the source scars. Such “rock avalanches”
cause total destruction in their path and are important in terms of life loss and economic
impact, even though they are very infrequent. This paper is a review of the problem-
atics of predicting rock avalanche behaviour.

2. Frequency of occurrence

Cruden (1983) estimated the frequency of large rockslides in a part of Alberta,
Canada, as 1 to 2 per 100 km® per 5,000 vears. Only about 5 percent of the cases
considered were major rock avalanches with volumes in the tens of millions of cubic
metres. A slightly higher frequency was suggested by Gardner (1980) for a small study
area in the same region.

S. G. Evans and J. J. Clague (see Evans ct al,, 1989) compiled historical records of
rock avalanches for the entire Canadian Cordillera ; an area containing some 1,000,000
km? of mountainous terrain. This large region experienced 18 known rock avalanches
during the last 140 years, or one every 8 vears on average.

The typical annual frequency of occurrence of major rock avalanches in the
Canadian Cordillera is thus of the order of 1:500 to 1:1,000 per 10,000 km* of mountainous
area.

By comparison, volcano-related rock avalanches in the Japanese Islands occur once
every 100 years, based on eight historical occurrences and 48 dated pre historic events
(T. Inokuchi, pers. Comm., 1989).

An ability to predict the area endangered by an incipient rock avalanche is impor-
tant. If the area is underestimated, deaths and severe damage may occur. [f it is
overestimated, valuable development land will be lost.  Yet, our understanding ol rock
avalache dynamics is still far from complete.
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3. Empirical indices of rock avalanche mobility

Heim (1932) appears to have been the first to note that rock avalanches (sturz-
stroms) travel further, the larger their volume. In an often-quoted paper, Scheidegger
(1973) formalized this observation by plotting the ratio of the maximum elevation
difference (H) and the path length (L) against the volume of the slide, as shown in Fig.
1. The H/L ratio equals the tangent of the overall travel angle (“Fahrboeschung”), as
defined in Fig. 2. A simple sliding block dynamic analysis due to [leim (1932) identifies
the “Fahrboeschung” with an “effective friction angle” of the rock avalanche. As a
result, its magnitude has been considered by many authors as a measure of mobility.

-5
- N ;
~ JIECLANT]
T dary
b~ ‘r__!"‘s\
o014 H = 1000 m - TSR
o ] =
g 1 Ry=2
““l[ T T T Irr'r'_ T T [llllf' T T !IIIIII T T lrll‘ll'
0. ! 10 100 1.000 10.000

Rockfall Volume (108m3)

Fig. 1

Correlation between the II/L ratio (see fig. 2) and rock avalanche volume,
compiled from 76 European cases by Li (1983). The bold dashed line is based on

Eqguation (4). The thin line is the linear regression function, with standard
deviation.
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Fig. 2 A typical profile of a rock avalanche and a definition of the geometrical terms

(after Li, 1983).
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Hsi (19753) questioned the friction block analogy and introduced qualitative argu-
ments to show that sturzstroms flowed like liquids to deposit in a low part of the
available path profile, Under such conditions, a better measure of mobility is an
“excessive travel distance”, L., defined as the length between the distal edge of the
deposit and the toe of a line projected at 32° from the source area. Again, a rough

correlation of this index with the volume of the rock avalanche can be demonstrated
(Fig. 3).
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Fig. 3 Correlation between the excessive travel distance and rock avalanche volume
(Hsti, 1975). The bold dashed lines correspond Lo Equation {3).

In the following it is shown that both of these mobility/volume relationships derive
from two simple properties of rock avalanche paths :

a) Rock avalanche profiles tend to have bi-linear forms similar to that of Fig. 2,
consisting of a source/travel segment inclined at 25° to 40° and a near-horizontal
deposition segment.

b) There is a rough proportionality between the volume (V) of a deposit and the area

{A) covered by it (or between volume and mean thickness). Such a relationship
was documented by Hungr (1981, page 309), Davies (1982) and Li (1983). The
latest author compiled the diagam shown in Fig. 4, yielding an empirical correlation
equation :
log A=1.910.57 log V (1)
It is of interest to note that Eqn. (1) is similar to a mathematical relationship derived
from an assumption of a constant form, where A is related to 0.67 power of V (see bold
dashed line in Fig. 4).

The deposit arca can be expressed as the product of the length of the deposit (L)
and the mean width (B) :
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Fig. 4 Correlation between the areas covered by rock avalanche deposits and their
volumes (Li, 1983). The thick dashed line represents a relationship derived from
an assumption of similarity of form.

A=L.B=LiR, (2)

Where R, is a length to width (aspect) ratio of the deposit.
Substituting from (2) to (1) and solving for L, :

La :R2110(0.95+0.28mg V) (3)

Assuming, as expressed under a) above, that a typical rock avalanche profile is
geometrically similar to Fig. 2, then L, equals the excessive travel distance as defined by
Hsii (1975). The dashed lines of Fig. 3, representing Eqn. (3) evaluated for aspect ratios
of 1 to 5, indeed encompass most of the plotted points. Similar lines were derived by
Hungr (1981, p. 351). The Huascaran example lies far outside the trend, because its
profile is gradual, not bi-linear. The wide scatter of the remaining points can similarly
be explained by the differences of the profiles from the ideal represented by Fig. 2. Path
confinement, as reflected in the aspect ratio, is also important.

The H/L ratio can be derived from the geometry of Fig. 2 as :

H H

T THeot 32 4L, )
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Where L, is expressed by Eqn. (3). Substituting an H of 1,000 m and an R, of 2.0
vields the bold dashed line of Fig. 1, which falls close to the correlation line of the data
set. A similar relationship was shown by Davies (1982).

In summary, correlations of the equivalent friction angle and the excessive travel
distance with volume do not document a systematic increase in mobility. Instead, as
suggested by Isii (1975), they are a consequence of a fluid behaviour which prevails with
volumes beyond a few millions of m?, but is otherwise unrelated to volume.

4. Mobility theories

A number of authors have attempted to explain the mechanism of rock avalanche
movement, some in terms of the equivalent friction angle and others in terms of a
transition to fluid-like behaviour :

1) Air cushion theory. Shreve (1966, 1968) suggested that a sheet of rockslide debris
slides on a cushion of air, trapped when the slide is catapulted into an air trajectory
by a ramp. He presented an interpretation of certain features of deposit morphol-
ogy to support the idea. Some of this interpretation has been questioned by Hsii
(1975) and Cruden and Hungr (1986). Furthermore, Voiglit (1978) questioned the
air entrapment mechanism and Howard (1973) described apparently highly mobile
rock avalanches on the airless moon.

2) Fluidization by trapped air (Kent, 1966, Krumdieck, 1984). A similar air entrap-
ment process is thought to cause a full or partial fluidization of the debris, by means
of upward flow of air. The concept of airfoil lift was introduced by Krumdieck
(1984}, but questioned by Hungr and Morgenstern (1985). Lack of physical evi-
dence for fluidization was pointed out by Hungr (1981), Cruden and Hungr (1986)
and Cassie et al. (1988).

3) Fluidization by vapor. Pautre et al. (1974) and Ilabib (1975) demonstrated that
rock avalanche movement expends sufficient energy to vaporize pore water. The
heat calculations require important assumptions concerning the thickness of the
shearing zone. Also, the influence of rock mass expansion during breakage upon
pore gas pressure has not been clarified.

4) Rock melting. Erismann (1979) found specimens of molten rock near the sliding
surface of a rockslide near Koefels, Switzerland. Ile showed that sufficient fric-
tional heat can be produced in exceptionally thick slide masses to melt basic igneous
rock and showed a corresponding reduction of the friction angle in experiments.

5) Rock dissociation. Many mobile rock avalanches occurred in calcareous rocks,
which do not melt when heated. Erismann (1979) suggested that such landslides

may be fluidized by escaping CO, gas, produced by heat dissociation of limestone.

6) Fluidization by dust dispersions. Hstl (1975) proposed that dense dispersions of
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rock dust act as a pore fluid among the larger clasts. The role of air in the
behaviour of the dispersions was neglected, as the phenomenon was assumed to
occur in the moon avalanches as well as in the terrestrial ones. Hungr and
Morgenstern (1984b) showed by experiment that rock dust and sand mixtures
behave frictionally, with no velocity dependence.

7) Mechanical fluidization. This hypothesis seems to have never been rigorously
defined, although many authors have alluded to it (Howard, 1973, Scheidegger, 1975,
Hsii, 1975, Koerner, 1977, Voight, 1978, McSavenney, 1978, Davies, 1982 and others).
The underlying idea is that the mechanical character of shearing in a granular
material changes at very high strain rates, as the grain to grain contacts change
from continuous sliding to intermittent collisions. No one has succeeded so far in
demonstrating a change of behaviour theoretically.
Laboratory experiments including flume tests at velocities of up to 6 m/sec and ring
shear tests at 1 m/sec failed to show any indication of a change of behaviour with
increasing strain rate (Hungr, 1981, Hungr and Morgenstern, 1984 a, b, Sassa, 1984,
Moriwaki, 1987). It may be argued that still higher velocities are required to
demonstrate a change in behaviour. However, in both types of test, the shearing

was concentrated in a zone less than 20 mm thick, producing a shear strain rate of

5,000 to 30,000 9 per sec. Such a strain rate would vield a flow velocity of 25 to 150
m/sec (90 to 540 km/hour) in a shear zone only 1 m thick.

8) Acoustic fluidization. Melosh (1979) showed theoretically that vibrations produced

on the sliding surface by rapid movement over uneven ground could reduce the
dynamic friction angle of the granular debris. Direct shear tests of sand conducted
on a vibrating table, described by Barkan (1962), showed that such a phenomenon

does exist. Barkan (1962) even describes measurements of fluid behaviour char-

acterized by a “vibro-viscosity”.

An important difference between mechanical and acoustic fluidization must be
pointed out. The former process is thought to be inherent to the material itself and

requires no energy input other than vigorous shearing. It should therefore be
capable of duplication in the laboratory. Acoustic fluidization, on the other hand,
requires vibrational energy generated externally by the boundary conditions of the
full scale movement.

9) Lubrication by liquefied saturated soil. Heim (1932) explained the high mobility of
the Elm Slide by the effects of mud, entrained by the rockslide from loose valley

deposits, liquefied under the weight of debris. A similar mechanism was suggested
by Sassa (1984), described with the use of pore-pressure parameters, and incorpo-

rated into a dynamic model. Hutchinson (1987) and De Matos (1987) developed
related models, including the effects of consolidation. No existing model accounts
for the velocity dependence of pore-pressure in the liquefied layer, which may
introduce important rheological effects.
A “splash” of liquid fine grained soils has been noted at the margins of many rock
avalanche deposits (e. g. Cruden and Hungr, 1986). A notable case is the Hope
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Slide in British Columbia, Canada, in which the area covered by muddy splash
deposits is as large as the area of the rock debris itself (Fig. 5). Itis of inlerest that
a comparison of pre-slide and post-slide topography by Bruce and Cruden (1977)
vielded a puzzling deficit of material in the deposition area, possibly due in part to
the displacement of underlying valley fill.

Strong entrainment of valley floor and slope deposits was also documented from the
upper part of the path of the 1984 Ontake rock avalanche in Japan (Inokuchi, 1985).
Extremely long displacements and flow of strong granular rock waste from mine
waste dumps in south eastern British Columbia (Campbell, 1973) can also best be
explained by liquefaction of loose saturated colluvial soil in the path of the flow, as
these fallures lack the pre-requisites for any of the other mechanisms.

Fig. 5 Dcposit of the 1965 ITope Landslide in British Columbia, Canada. The dark arca
in the forefront is the “splash” of liguefied valley deposits displaced by the rock
avalanche. (B. C. Government Airphoto BC (0) 447).
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5. Discussion

Probably each of the mechanisms listed above plays a certain role in the mobiliza-
tion of rock avalanches. It remains difficult to decide which is the dominant mechanism
in a specific case and how it controls the dynamics of the flow.

The weight of the evidence introduced in the works cited in the previous section
seems to favour lubrication by liquefied material (Hypothesis 9). This mechanism is
clearly dominant in some cases and possible in all, except for the lunar examples.

Acoustic fluidization (8) has a sound theoretical and experimental basis and is not
contradicted by the field evidence.

The group of theories based on gas pressure (1, 2, 3 and 5) appear plausible on
theoretical grounds, but are not well supported by field evidence. For example, inverse
grading which is common in rock avalanche deposits points to the occurrence of
vibrations, not to gas fluidization which would produce a normal grading. Also, gas
escape structures such as craters, marginal fans or channelling structures have not been
described in the rock avalanche literature.

The mechanical fluidization theory (7) has been disproven by experiments and should
be replaced by the acoustic fluidization concept.

The two most plausible explanations of rock avalanche movement (8 and 9) both
depend on the structure and the boundary conditions of the full scale flow, as much as
on material properties. This makes mechanical modelling exceedingly difficult. An
empirical approach has a greater chance of success.
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