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Effect of grain diameter and packing condition on the avalanching depth on
adope composed of dry granular materials

Yukinori MATSUKURA"™ and Hiroyuki OBANAWA®

Abstract

To examine the depth of avalanching taking place on
aslope at a critical angle of repose, tilting tests were
performed in the laboratory using slopes made of
granular materials such as gravels and glass beads.
Results show that the avalanche depth, Z, is determined
by the diameter of the slope materials, d,,, and the
volume concentration of the slope materials, C, such
that Z=4.8d,/C.
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1. Introduction

Our previous laboratory experiment (Matsukura and
Onda, 1999) reported that the avalanche depth in slopes
composed of granular assemblies is about eight times
the diameter of the slope material. Thisexperiment was
carried out using ‘ specific slopes’ made by piling up
cylindrical aluminium rods, i.e., two-dimensional
material. The present study accordingly examines the
avalanche depth for slopes consisting of three-
dimensional granular materials such as gravel, sand
(landform materials) and glass beads.

In natural conditions, landform materials are three-
dimensional materials which have a variety of packing
statessuch as‘dense’ and ‘loose’ packing, corresponding
respectively to high and low density of the materials.
Slope materials may change in density with time; for
example, the density may decrease due to weathering
or increase due to the filling of pores by fine materials.
It istherefore important to examine the effect of density
on the avalanche depth on slopes consisting of three
dimensional materials.

2. Experimental materials, apparatusand procedure
2.1. Sope material

Several slope materials are used in the present study,
namely sand, glass beads and three kinds of gravel: (1)
beach shingle (sandstone), (2) river gravel (crystalline
schist), (3) crashed stone (arkose-sandstone). The sand
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is Toyoura-Standard-Sand, which consists of well-sorted
guartz sand grains. The two sizes of glass beads have a
uniform diameter of about 2.2 mm and 5.3 mm. Beach
shingle was collected from Kashima, Ibaraki, and river
gravel from Naruto, Tokushima. Crashed stone is
arkose-sandstone, and is a construction material
available commercially from Tsukada-Tokan K. K. Co.,
Tsukuba. The glass beads are spherical (Krumbein's
roundness = 1.0), but particles of the other materials
have various shapes. The roundness of these materials
is 0.8 for sand and beach shingle, and is 0.5 for river
gravel and 0.2 for crashed stone (Matsukuraet al., 1989).
All 26 samples used as slope materials, denoted A
through Z as shown in Table 1, were prepared as pure
samples of these materials or mixtures of them. For
example, Sample | isamixture of the two kinds of glass
beads, intheratio 1:1 by weight. SamplesN andV are
unimodal materials of crashed stone and sand,
respectively, and Samples O through U are gravel-sand
mixtures, e.g., Sample O is 70 % gravel and 30 % sand
by weight, and Sample P is 60 % gravel and 40 % sand.
Fifty particles were selected randomly from each of
the 26 samples. Three characteristic lengths of these
particles were measured: the long diameter, d,, the
intermediate diameter, d,,, and the short diameter, d..
In the case of sand, only d, and d,, valuesfor 18 particles
were measured, using a photograph through the
microscope. These values of the mixing material were
calculated by considering a mixture ratio (Table 1).
The same two materials were used in the following
seven pairs of cases: A and B, Cand D, E and F, Jand
K,Land M, W and X, and Y and Z. The degree of
compaction was different, however; the first named is
loose packed and the latter is densely packed. These
packing states are described in detail in the next section.

2.2. Apparatus and experimental procedure

Since (1) the slope materials have the size of gravel,
and (2) the ratio of the slope length to the diameter of
slope material (I/d) should exceed 60 or 70 for
avalanching to occur at the angle of repose (Onda and
Matsukura, 1989), a large-sized tilting box was used.
The apparatus comprises a triangular-prism-like box,
which has alength of 100 cm, width 80 cm, and height
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Fig. 1 Tilting box equipment used in the present study.

62 cm (Fig. 1a: Ondaet al., 1988). Thewidth wasvaried
from 40-26 cm by inserting a plate in the centre of the
box. The frame and backboard were made of wood and
plywood. The side of the box, being triangular, is made
of atransparent acrylic plastic plateto allow observation
of the behavior of the avalanche from the side. The
base and front of the box, allowing runout of avalanche
material, are made of the same material as the slope
material, glued to a plywood surface to generate
roughness.

The experimental procedureis asfollows:
(1) Sufficient amounts of slope materials are slowly
pored into the box. A slope was consequently made of
loosely packed materials. The densely packed cases
(samplesB, D, F, K, M, X and Z), wereinduced using a
vibrator. Thetotal weight and total volume of the sample
were measured and the bulk density of the sample was
then calculated as weight/volume.
(2) The upper surface of the materials in the box was
set up to be horizontal, and theinitial profile of the slope
surface was measured.
(3) As shown in Fig. 1b, the back side of the box was
set to tilt by pulling the chain at a (slow) angular speed
of 0.1-0.2 deg/s, gradually increasing the slope angle.
(4) With increasing slope angle, several particles
sporadically roll down, and then the mass of slope
material slips and flows down the slope.
(5) When the avalanche extends to the whole slope, the
chain pulling is stopped.
(6) The angle at the time when the avalanche occursis

obtained accurately from adigital clinometer set on the
box. Thisangleisdefined asthe‘critical angle’ (Carrigy,
1970) or ‘angle of initial yield (Allen, 1969) and is
denoted o, below.
(7) The angle of the dope is measured with a clinometer
after each avalanche.
(8) The slope profile after an avalanche was measured
on four lines midway between the side walls.
(9) Comparison of profiles before and after the tilting
experiment provides the thickness of the avalanche, as
explained in detail below.

In procedure (1), we calcul ated the degree of packing.
A more appropriate measure of the volumetric density
of packing is the fractional volume concentration, C,
which is expressed as (e.g., Allen, 1985, p.27):

total volume of grains !
overall volume of packing @)

The values of C were calculated from the bulk density
(including voids) and the true density (excluding voids).

The mation of slope materials was observed through
the transparent side-walls and was recorded by a 8-mm
video camera. Real-time observation and subsequent
video images revealed that avalanching materials are
accumulated at the lower part of the slope, so that this
part of the slope does not show the avalanche plane.
The thickness of the avalanche was therefore measured
at three pointsin the zone between the middle and upper
part of the slope, specifically at 20, 30 and 40 cm
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distance from the upper end of the slope. A total of 12
data on avalanche thickness were obtained from the four
profiles along the measuring linesin a single test, and
the average value is cal cul ated.

Testing with the same conditions was repeated three
or four times, and average thicknesses of the avalanche,
p, and average angles of repose, a., were calculated.
The perpendicular depth of the avalanche, Z, was
calculated as p/cos Q..

Onda (1990) suggests on the basis of mathematical
modeling of two-dimensional assemblies that the
avalanche depth should be eight times the diameter of
the slope material. Thisratio infact differsfor different
packing states, being smaller for dense packing states

Table2 Results of tilting tests: angle of repose and
avalanching data.

3 R | d di . Avalanche
. Resultsan I?CU$| on - . Case Angle of repose, Thickness, Depth,  dn/C
Table 2 summarizes the results. We examine first the Oc (degrees) — "ym) 7 (mm)
relation between the depth of avalanching, Z, and the A 36.1 48.5 60 15.3
mean diameter of slope material, d,,, asshownin Fig. 2. ]é ig-g féz 22 }‘6‘-3
Thisrelation is expressed by the following equation: D 412 346 16 16.0
E 423 71.0 96 292
7=79d ©) F 43.8 65.7 91 27.0
" G 24.8 19.1 21 3.59
H 26.9 58.9 66 853
This equation roughly coincides with the equation (Z = I 24.1 28.3 31 5.65
7.8 dy,; r = 0.99) derived for tests using auminium rods J 408 49.2 65 9.06
K 40.8 273 36 8.30
performed by Matsukura and Onda (1999) and L 432 048 130 228
summarized in Table 3, although the datain the present M 44.2 81.7 114 205
study have asmaller correlation coefficient (0.779) than g jfg 22?51 ! 6223 ﬁg
the aluminium rod data. A further experiment using P 417 254 4 961
aluminium rods has been carried out by Matsukura and Q 38.0 16.5 21 8.62
Terada (2003), and these data are also shown in Table 1; g;g ig’g ;i z'éi
3. Datafrom the present study and both aluminium-rod T 35.1 131 16 418
tests are plotted in Fig. 3. This shows the same relation U 34.9 17.2 21 2.42
- % 34.9 29.5 36 043
asEq. (2) withr =0.843. . W 165 732 106 275
Tables 1 and 2 show that the depth of avalancheis X 50.4 98.4 155  25.8
different in loose and dense packed states. Aswell as Y 45.7 83.4 120 20.6
Matsukuraand Onda's (1999) experimental conclusions, Z 483 28 140 180
180
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N L
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£ r
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= L
§ 40 > >
20 <
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
0 5 10 15 20

Diameter of slope material, d,, (mm)

Fig. 2 Relation between avalanche depth, Z, and diameter of slope materials, d...
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Fig. 3 Relation between avalanche depth, Z, and diameter of slope materials,
dm, including the data for aluminium rods.
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Fig. 4 Relation between avalanche depth, Z, the diameter of slope materials, d,,
and the volumetric density of packing, C.

(large C value) and larger for loose packing states (for
small C value). Thisimplies that the packing state
affects the avalanche depth: the Z-value increases with
decreasing C-values, i.e., Z [0d,/C. We therefore
examine the relation between Z and d,,/C.

Figure 4 shows a plot of both data indicating the
following linear relation:

Z=474d,/C 3

24

with r-value of 0.832. Thisvalueis higher than that of
Eq. (2), for which r = 0.779. This suggests that the
avalanche depth is controlled not only by the grain size
but also by the concentration of slope material, i.e., the
packing state. All the data, including the tests using
aluminium rods, are plotted in Fig. 5. Therelation is:

Z=48d,/C (4)

The constant of proportionality becomes 4.8 rather than
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Fig. 5 Relation between avalanche depth, Z, the diameter of slope materials, d,,
and the volumetric density of packing, C, including the datafor aluminium

rods.

4.7 when the aluminium rod data are included, and the
r-value becomes higher at 0.867 than in the data from
the present study alone.

We conclude that the avalanche depth on slopes made
of granular materialsis determined by the diameter of
the slope materials and by their packing state.
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