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Abstract. In the framework of rockfall trajectory modelling, velocity) and energies in order to determine the areas at risk
the bouncing phenomenon occurring when a rock block im-and construct adequate protection measures. On condition of
pacts with the slope surface is the most difficult to predict, correct calibration, computer programs can be considered as
owing to its complexity and its very limited understanding. valuable tools for quantitative analyses of block trajectories.
To date, the rebound is commonly quantified by means of twoThey usually distinguish four mechanisms of block move-
coefficients of restitution estimated from a rough descriptionment: free falling, bouncing, rolling and sliding. The bounc-
of the ground material. To acquire a better knowledge ofing phenomenon occurring when a falling block impacts with
the bouncing phenomenon and to investigate the influenc¢he slope surface is undoubtedly the part within a trajectory
of various impact parameters, a comprehensive experimenwhich is the less understood and the most difficult to predict.
tal study was undertaken at the LMR-EPFL (Rock Mechan- Most rockfall computer codes model the bouncing phe-
ics Laboratory — Swiss Federal Institute of Technology Lau-nomenon in a simplified way by one or two overall coeffi-
sanne). cients, called the coefficients of restitution (e.g. Wu, 1985;
After a summary of the main conclusions drawn from a Hungr and Evans, 1988; Pfeiffer and Bowen, 1989; Giani,
small-scale study, the paper focuses on half-scale experit992; Azzoni and Freitas, 1995; Stevens, 1998). The most
ments, describing first the testing device and the data proeommonly used definitions are expressed in terms of restitu-
cessing and analysing then the influence of several impact paion for velocities or energies, indicating the amount of ve-
rameters. It is observed that the rebound and the commonlyocity or energy dissipated during the ground impact (Fig. 1):
used coefficients of restitution expressed for the mass centre

of the block depend not only on slope material characteris-Rn __ A and R, = ‘i 1)
tics, but also on factors related to the kinematics (slope incli- Vi V,”

nation and impact velocity) and to the block (weight, size

and shape). As many trajectory computer codes consider I m[(V,,+)2+(V,+)2]+I(w+)2

constant coefficients of restitution only function of the out- R, = =%t — )
cropping material, the trajectory results should be interpreted Eot  m [ (Vi) + (V[)Z] +1 (07

with caution and always checked against field observations.

whereV andw are the translational and rotational velocity
respectivelym is the mass andl the moment of inertia about
the centre of the block. The subscripts “—" and “+” char-
acterise the velocity or energy before and after the impact,
Rockfalls are a major hazard in densely populated mounfespectively.

tain areas, such as the Alps. It is particularly important in ~ The expressions quoted above are derived from the inelas-
these areas to have the best possible knowledge of rockfaliC collision of particles in the Newtonian mechanics and gen-

trajectories (in particular maximum path length, height anderally assume a constant value of the coefficients of restitu-
tion irrespective of the impact energy. For impacts of boul-

) ders on hard rock slopes, this approach may be justified (dis-
Correspondence tdv. Labiouse regarding the fragmentation of the block). For impacts on
BY (vincent.labiouse@epfl.ch) granular material, characterising most talus slopes and thus
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Table 1. Parameters assumed to influence the bouncing phe-
nomenon (Labiouse and Descoeudres, 1999).

Slope Block Kinematics

characteristics  characteristics

strength, strength, velocity (translational

stiffness, stiffness, and rotational),

roughness, weight, collision angle,

inclination, size, configuration of
shape, the block at impact

For what concerns characteristics of the block, its mass
is found to have an influence on the normal coefficient of
Fi.g. 1. Velocities of a boulder before (=) and after (+) its impact restitution (Ushiro et al., 2000) and its shape on all three
with a slope surface. coefficients of restitution (Wong et al., 2000; Chau et al.,
1999a). The influence of the boulder shape is very tricky

rockfall prone areas, this assumption of coefficients of resti-to quantify because it depends on the ground material, the
tution independent of the impact energy is highly suspiciousimpact angled (see Fig. 1 for definition) and the configu-
to match reality. Indeed, plastic processes develop during th&ation of the block at impact. As for the outcropping mate-
boulder penetration into the ground and therefore the energyial, it is generally agreed on a clear influence of its stiffness
loss depends on the block kinematics. on the rebound (Pfeiffer and Bowen, 1989; Fornaro et al.,

Usually, the restitution coefficients used for trajectory cal- 1990; Chau et al., 2002; Wu, 1985). For soft ground material
culations are estimated based on a rough description of thé€Chau et al., 1999b), the dry density appears to play as well
slope material (e.g. rock, scree, loose soil) and sometimed role, depending on the water conteni{compared to the
completed by information regarding its roughness, its com-optimal water contenbopy), but this can be related to the de-
paction degree, and the vegetation cover (including trees)gree of compaction of the soil and accordingly to its Young's
However, as mentioned by several authors (e.g. Azimi etnodulus. Experiments emphasise also a clear dependency
al., 1982; Falcetta, 1985; Bozzolo and Pamini, 1986; Hungrof the coefficients of restitution on parameters characterising
and Evans, 1988: Barbieri et al., 1988; Giani, 1992; Azzonithe kinematics as the impact velocity (Urciuoli, 1988; Ushiro
and Freitas, 1995; Gerber, 1995; Dorren et al., 2006) whaet al., 2000), the impact angheand/or the slope inclination
have experienced natural and/or artificial in situ rockfalls, thef (Wu, 1985; Wong et al., 2000; Chau et al., 2002). Those
analysis of impacts shows that the characteristics of motiorstudies point out that the more normal the impact is to the
after impact are affected not only by the slope characteristic$lope surface (increasing impact anglesee Fig. 1), the less
(including the forest), but also by several parameters relatedhe block rebounds. Note that, as all experiments consisted
to the block as well as to the kinematics during impact (Ta-in vertical drops on inclined slopes, the impact anglend
ble 1). the slope inclinatior8 complete each other to 90

In order to better understand the bouncing phenomenology The gathered knowledge is mainly based on impact tests
of blocks and to determine the most important parameter®n hard ground materials (e.g. rock, concrete or plaster). Sur-
influencing the impact, systematic laboratory experimentalprisingly few investigations deal with soft ground material.
investigations have been carried out on small- and medium¥or that reason, a Ph.D. thesis at the Rock Mechanics Lab-
scale models. Indeed, the impact conditions are easy to coreratory (LMR) of the Swiss Federal Institute of Technology
trol and repeatable, as these requirements are often difficuttausanne (EPFL) aimed at acquiring a better knowledge of
to fulfil on site. It is beyond the scope of this paper to review the bouncing phenomenon of rock blocks on soft ground ma-
all the investigations performed to date to analyse the impacterials and to investigate the influence of various impact pa-
phenomenon and the parameters that influence the rebounthmeters (Heidenreich, 2004). A small-scale experimental
Table 2 presents some references of studies and their mastudy was first undertaken to determine the most important
conclusions about the influence on the coefficients of restiparameters for impacts on granular slopes (Heidenreich and
tution of parameters related to the block, the ground and the.abiouse, 2004). Then, due to the difficulty in matching
kinematics. The trends are illustrated by arrows, pointingthe scaling laws, a half-scale testing study was completed
up for increasing values and pointing down for decreasingto quantify the coefficients of restitution. After a summary
values. In some cases, the trend is not clear or even contraf the main conclusions drawn from the small-scale study,
dictory. the paper will focus on the half-scale experiments, describing
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Table 2. Summary of the parameters influencing the coefficients of restitution and the corresponding trends stated in literature. The arrows
/' and\ indicate respectively an increase or decrease of the coefficient of restitution related to an increase of the parameter in the first
column. < means that no significant effect was observed.

Parameter R, R, Rig Groupd reference
material
Block mass 7 N Concrete, Ushiro et al., 2000
rock
A -
o Angularity 7 N 7 N .
% (shape changing (slightly) Granite Wong et al., 2000
from sphere to 30°< 0<60°; - N N
angular block) | 15°<§<30°:7 (slightly) (slightly) Plaster Chau et al., 1999a
2 2 Natural Pfeiffer and
slopes Bowen, 1989
Young’s Natural
=)
g Modulus 2 Vd d slopes Fornaro et al., 1990
o
= Plaster, Chau et al., 2002
© 7 7 rock, soil Wu, 1985
. W< Wop: 7 W < Wop: 7 W < Wop: 7 Soil,
Dry density 7 W Wot © W Wont © W Wart © plaster Chau et al., 1999b
d Wood,
™ (slightly) rock Wu, 1985
Impact angle 6 7 S Granite
respectively (slightly) shoterete Wong et al., 2000
S Plaster,
S soil
g= Sl le B~
g ope angle N N N Granite,
£ (8+p=90) (slightly) shoterete | ey et al., 2002
M S N N Plasyer,
soil
Drop height H 7 N N N Limestone Urciuoli, 1988
respectively S
. Concrete .
;I ’
Impact velocity (slightly) o rock Ushiro et al., 2000

first the testing device and the data processing and analysingnd captures the impact at an operating speed of 250 frames
then the influence of impact parameters related to the slopger second (Heidenreich and Labiouse, 2003, 2004). Ap-
(inclination), the block (weight, size and shape) and the kinesproximately 210 impacts were carried out to investigate the
matics (falling height). influence of parameters relative to ground, block and kine-
matics (Table 3).

To allow the motion analysis of the blocks by means of
only one camera, the testing conditions were such that the
trajectories before and after impact were lying in the same

Prior to the half-scale experiments presented in Sect. 3,

small-scale impact experiments were carried out as prelimi_plane, i.e. the vertical plane perpendicular to the ground sur-

nary study to get a first understanding of the bouncing mechface. This was checked after each impact based on the traces

anism, to determine the most important parameters and tJ)eft b.y the block on the grolund. By means of an image pro-
help to define the half-scale experimental study. cessing software, the motion of the boulders was analysed

The set-up (Fig. 2) consisted of an inclinable box contain-and the velocities (translational and rotational) before and

ing soil, two different block-releasing devices for vertical and after the |mpact. determlneq. . The normz.mn][., tangential
inclined impacts and a numerical high-speed camera. Spher{—R’) and energeticRr ) coefficients of restitution were then
cal blocks with a diameter of 7.5 cm and different weights areevaluated for the mass centre of the block, as the ratio of the
dropped on different granular materials at a speed of aboul{lormal or tangential velocities of the centre of mass respec-
4.4 m/s, which corresponds to one meter of free fall. ThetIVer the total energy before and after impact.

camera is installed perpendicularly to the block motion plane

2 Small-scale experimental study
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L)

Fig. 2. Experimental set-up for small-scale tests. Inclined fall on horizontalapivertical fall on inclined soi(b) and inclined impact on
inclined groundc).

Table 3. Parameters explored in the small-scale experimental study.

Parameter Set of values/cases

Ground (granular material) friction angle [B5, 43
degree of compaction compacted or bulked
slope inclination 0°, 12,220,322

Block weight 130, 380, 7509
Kinematics (motion in the vertical plane impact angle 90°, 78, 68, 58
perpendicular to the slope surface) impact direction inclined fall on horizontal soil, vertical fall on inclined soll

and inclined impact on inclined ground (respectively cases a,
b, and c in Fig. 2)

The analysis and comparison of the results from the dif-3 Half-scale experimental study
ferent testing series allowed the determination of the most _
significant parameters. Full discussion of these results is reThe small-scale experiments have been helpful for better un-

ported by Heidenreich and Labiouse (2004). The main conderstanding the impact phenomenon and defining the most
clusions drawn from this investigation work are: important parameters. However, a dimensional analysis has

pointed out the difficulty in matching the similitude require-
— Concerning the slope material characteristics, the moments (scaling laws) for all the parameters involved in the
tion of the block during and after impact is moderately impact process (Heidenreich, 2004). This is particularly hard
influenced by the friction angle and significantly by the for the modulus of deformation of the soil, which was pre-
degree of compaction (i.e. modulus of deformation).  cisely found to significantly affect the rebound of the blocks.

_ Concerning the block characteristics, testing series perﬁ gquantitative interpretation of the small-scale experiments

formed with spheres of identical diameter but of dif- Is thus not appropriate. Consequently, a half-scale experi-

. : ental study has been carried out to verify the qualitative
ferent weight show a certain decrease of the reboun ;
- N~ conclusions drawn from the small-scale tests and, above all,
and consequently of the coefficients of restitution for

. . . to quantify the influence of the various impact parameters as
increasing block weights. . '
well as to develop mathematical formulations to express the

— The experiments also emphasise a clear dependency @Pefficients of restitution.
the coefficients of restitution on parameters characteris- The term “half-scale” is chosen to emphasise the fact that
ing the kinematics as the slope inclination and the im- the size and weight of the blocks (max. 10 kN) and the impact
pact angle: similar to observations made for impacts onenergy (up to 100kJ) of the tests can be compared to natural
rock slopes, the block rebounds less the more normalow-energy events but still do not match the energy scale of
the impact on the slope surface. The more tangent thédigger natural rockfall events.
impact is relative to the slope surface, the more distinct

the rotation of the block after impact. 3.1 Testing device

The half-scale experiments are carried out in a shaft with a
diameter of 5m and a depth of 8 m (Fig. 3). Blocks of diffe-
rent weights (up to 10 kN) and shape are dropped vertically
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Table 4. Characteristics of the blocks used for the half-scale exper-
imental study.
Block Block Unit Diameter Radius
shape mass weight
m[kg] ¥ [KN/m3] D[m] Rorr[m]
- D/“‘\\
container v, 100 25.8 0.42 R=0.30
it Wi S R 500 25.6 0.72 R=0.52
SN il R 1000 26.2 0.90 R=0.60

Fig. 3. Scheme (left) and picture (right) of the half-scale testing .
device. Loy 117 30.1 0.42 r=0.21

[ « 152 7.5 0.73 r=0.365
553 27.1 0.73 r=0.365

from various heights (up to 10 m) on a horizontal or inclined
layer of sand (inclination up to 3D The thickness of the
sand layer beneath the impact point was kept constant at 1
throughout the experimental study.

The ground material is a well graded sand from deposits
of the Geneva Lake with grain sizes between 0.1 and 4m
(SW according to the USCS classification). Its friction an-
gle amounts to 33 It was poured into a container and the Fig. 4. Targets fixed on the sides of the blocks. Sphere on the left
ground surface was slightly compacted by means of a vi-and cylinder with a spherical base on the right.
brating plate. After each impact, the ground was prepared
for the next test by refilling the crater, compacting it in lay-
ers by stamping and finally flattening it with a rake. Obvi- 3.2 Data acquisition and processing
ously, a certain dynamic ground compaction was observed
with ongoing series, but the upper soil layer (up to 0.4 mAs for the small-scale tests, the motion of the blocks is in
depth) was found to remain very loose (i.e. dynamic conea vertical plane perpendicular to the ground surface and is
resistance measured with a PANDA sounding device lowercaptured by means of a high speed camera at an operating
than 1 MPa). speed of 250 frames/s. However, for lack of space in the

The first set of blocks has already been used for previoushaft, a wide-angle lens had to be used to film the impact.
impact tests on a rock-shed model (Labiouse et al., 1996The resulting radial distortion had to be corrected prior to
Montani Stoffel, 1998). The blocks are made of a steel shellthe motion analysis to avoid miscalculations of the position,
filled with concrete. The shape is cylindrical with a spherical velocity and acceleration of the blocks (details are provided
base (see Table 4 and Fig. 4). All three blocks have a constarih Heidenreich, 2004). Moreover, to avoid measurement er-
ratio between the mass of the cylindrical section and the totaftors due to targets not in the same plane as the block centre,
block mass. The ratio between the height and the diametethe targets were fixed on the sides of the blocks so that they
of the cylindrical section is constant as well. Additionally are in the same moving plane as the centre of mass (Fig. 4).
a second set of purely spherical blocks is used. They alsd@he motion was analysed by an image processing software
consist of a steel shell and all but one are filled with concrete (WINanalyze) which tracks automatically the targets fixed
The diameter of the spherical blocks is chosen to match thaon the block. It allows to compute their successive positions
of the cylindrical blocks. and then to determine the velocities and energies of the block

175 impact tests were performed and organised in seriegt any time before, during and after the impact.
to systematically isolate and investigate the influence of pa- In Egs. (1) and (2), the evaluation of the restitution coeffi-
rameters related to the ground (slope inclination), to thecients is based on the motion characteristics of the mass cen-
block (weight, size and shape) and to the kinematics (fallingtre of the boulder before and after its impact with the slope,
height). To check the repeatability of the tests and to esti-which thus necessitates the determination of the beginning
mate the variability of the results, three impacts are realisedand the end of the impact. The beginning of the impact is eas-
and analysed for each combination of parameters. ily detected by a careful frame-by-frame analysis of the film,
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Fig. 5. Impacts of the 1000 kg cylindrical block. Dependency of the coefficients of restitution (hé&medngentialR; and energeti®r g)

on the slope inclination and the falling height (increasing from the left to the right diagrams).

observing the time when the boulder gets in contact with theing impact and rebounds relatively more normal to the slope
ground surface. On the contrary, the end of the impact cannasurface. These trends confirm the observations made in the
be determined visually due to the throwout of ground parti- former small-scale experiments as well as by other authors
cles and a generally indistinct rebound of the block (no com-(e.g. Wu, 1985; Chau et al., 2002).
plete free flight after impact). To solve this point, the normal A closer investigation of the trends shows for the 1000 kg
component of the block acceleration is plotted as a functioncylindrical block dropped from a small height (Fig. 5, left) a
of time and, according to the theory of impacts, the end ofsudden increase of the normal component of the coefficient
the impact is defined as the time when it reaches the valuef restitution R, for slope angles larger than 20 As for
of zero. After the determination of the times before and af-the tangential componerR;, it increases strongly between
ter impact and the corresponding incoming and reboundingg=10° and 20 and then changes sharply to a constant value.
velocities and energies, the coefficients of restitu®onR,  Both observations gradually attenuate for higher impact ve-
andRrg can be computed according to the Egs. (1) and (2).locities. As discussed in Sect. 4, the change in trends can be
related to different mechanisms occurring during the impact.
Compared to cylindrical blocks, spheres have a slightly
different behaviour: e.gR, increases nearly linearly with

The half-scale tests confirm the results of the former small- T . X .
scale tests (Heidenreich and Labiouse, 2004) and show glope inclinations for all falling heights arg} is almost con-
y stant (Fig. 6). The difference results from the shape of the

clear dependency of the coefficients of restitution on pa- ; . . .
T blocks and will be commented in the corresponding section.
rameters related to the ground (slope inclination), the block

(weight, size and shape) and the kinematics (falling height or, . .
energy). In the following, the influence of these impact pa-3'3'2 Block weight and size

rameters on the restitution coefficients is investigated, chang- . . . o
ing one parameter at once. The unit weight of rocks varying in a very limited range of

values, field or laboratory tests with natural boulders do not
allow to differentiate the respective influence of block weight
and block size on the rebound phenomenon. Some tests of
In the half-scale experiments, the block impacts the groundhe experimental study aimed at analysing their influence.
with a purely vertical velocity after a vertical free fall. There-  The weight influence is first investigated. Figure 7 il-
fore, the impact anglé and the slope inclinatiog (defined  lustrates the position and velocity vectors before and after
in Fig. 1) complete each other to98nd their relative influ-  impact (in blue and red respectively) of the 152 kg and the
ence can not be analysed. All test series reveal for each block53 kg spheres of same diameter (0.73 m) dropped from two
and each falling height a clear increase of the nor®al different falling heights (1 m and 10 m) on a slope inclined at
and total energRy g coefficients of restitution for increasing 30°. The heavier block is observed to penetrate deeper into
slope inclinations3. In contrast, the tangential component the ground, causing more plastic deformation to the soil and
R, does not warrant a clear trend (Fig. 5). The increase ofthus losing more energy during impact than a lighter block
Rrg and R, means that for steeper slopes (eventually neawith same diameter. The higher accumulation of ground in
their limit of equilibrium) the block loses less energy dur- front of the block further creates a higher resistance downhill.

3.3 Parametrical study

3.3.1 Slope inclination

Nat. Hazards Earth Syst. Sci., 9, 198993 2009 www.nat-hazards-earth-syst-sci.net/9/1981/2009/
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1987

Falling height 1 m Falling height 5 m Falling height 10 m
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Fig. 6. Impacts of the 553 kg spherical block. Dependency of the coefficients of restitution (nBym@ngentialrR; and energeti®ky )
on the slope inclination and the falling height (increasing from the left to the right diagrams).
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Fig. 7. Position and velocity vectors (scale in the upper left corner; blue: before impact, red: after impact) of the 152 kg and the 553 kg
spheres for impact tests on a slope inclined &tf8@m two different falling heights (upper row =1 m, lower row: H=10 m). The energetic

coefficient of restitutiorR7 g is as well provided for each case.
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Falling height 1 m Falling height 5 m Falling height 10 m
1.0
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&
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Fig. 8. Dependency of the coefficients of restitution (normRal tangentialR; and energeti®7 g) on the block size. Comparison between
a 0.42 m diameter sphere (117 kg, solid lines) and a 0.73 m sphere (152 kg, dashed lines). The falling height is increasing from the left to the
right diagrams.

However, in relative terms, the difference in energy dissipa-spherical base and on the right hand side for a 5m drop of
tion is not significant and the energetic coefficients of resti-the 553 kg sphere and the 500 kg cylinder. Note that only one
tution Ry g are very similar for both weights (Fig. 7). test was carried out for the cylinders. The energetic coeffi-
As for the influence of the block size, no straightforward cient of restitutionRz g is here split into its translational and
comparison was possible between blocks of same weight, buotational parts, respectivelReirans and Reror.  All coeffi-
different diameter. It was achieved comparing impacts ofcients of restitution are higher for the cylindrical blocks than
spheres of 117 kg and 152 kg (difference in weight of 30%)for the spheres. Indeed, as the spherical base of the cylinders
with respectively diameters of 0.42 m and 0.73 m (differencehas a larger radius than the corresponding spherical block
of 75%). As expected, for comparable impact conditions, it(Fig. 10), at same impact velocity the cylinder penetrates less
was observed that the small 117 kg sphere penetrates deep@to the ground, promoting its tangential propagation during
into the ground during impact than the large 152 kg sphere. limpact (low lateral ground resistance) as well as its normal
dissipates more energy during impact and meets more grountebound velocity. Further, due to the lower penetration, less
resistance in moving direction. Consequently, in most casegnergy is dissipated during impact by plastic ground defor-
(impacts with falling heights larger than 1 m), the coefficients mation. These observations are valid for slope inclinatfpns
of restitutionR,,, R; and Ry are lower for the small than larger than 10.
for the large sphere (Fig. 8). This is valid for all slope incli-  Compared to the spheres, a higher rotation rate is observed
nations. On the other hand, for very small impact energiedor the cylinders with spherical base. This results from the
(falling height of 1 m), a particular trend is observed )y larger eccentricity between the vertical centre line and the
and R, which can be related to an elastic response of thefirst contact point (Fig. 10) and from the lower lateral rolling

ground instead of a shear failure. resistance due to a smaller penetration. This rotational en-
ergy rate was found to increase with the slope inclination
3.3.3 Block shape and no clear difference was observed between cylinders with

spherical base and spheres for a slope inclinggiof 10°.
Although the block shape, coupled with its configuration at
impact, is known to significantly influence the rebound, few 3.3.4 Falling height
specific experiments were performed to analyse the influence
of this parameter. Figure 9 compares on the left hand sidd=igure 11 shows the dependency of the coefficients of resti-
the coefficients of restitution for a 1 m vertical drop on & 20 tution (normalR,,, tangentialR, and energeti®yg) on the
slope of the 117 kg sphere and the 100kg cylinder with afalling height for impacts on a Z0inclined slope of the

Nat. Hazards Earth Syst. Sci., 9, 198993 2009 www.nat-hazards-earth-syst-sci.net/9/1981/2009/
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Falling height 1 m, p =20° Falling height S m , p =20°
1.0 . 0.10 1.0 - 0.10
mmmm 100 kg cylinder mmmm 500 kg cylinder
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R¢ Ry REtrans  RErot R¢ Ry REtrans  RErot

Fig. 9. Influence of block shape on the coefficients of restitution. Comparison between spheres and cylinders with a spherical base respec-
tively plotted in blue and red. The energetic coefficient of restitution is split into its translational and rotational parts, respRchixgly
andRErot

.c_\-'linder. —
100 kg

/;m
17 k
|
% '0 072 m /_ m

Fig. 10. Eccentricity between the vertical centre line and the first contact point with the slope for the 117 kg sphere and the 100 kg cylinder
with a spherical base (illustrated f8=20°).
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Fig. 11. Dependency of the coefficients of restitution (normgl tangentialR; and energeti®y £) on the falling height for impacts of the
cylindrical blocks on a 1®inclined slope (block weight increasing from the left to the right diagrams, i.e. 100, 500, and 1000 kg). The ovals
underline the slight increasing trend fBy, for impacts with small falling heights.
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Sphere 117 kg , § =30° Sphere 553 kg , § =30°
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Impact energy [kJ] Impact energy [kJ]

Fig. 12. Dependency of the coefficients of restitution (normRal tangentialR; and energeti®ky ) on the impact energy for impacts of
spheres on a 30inclined slope. Attenuation of the decreasing tren®gfwith increasing block mass (117 kg on the left and 553 kg on the
right).

cylindrical blocks (100, 500, and 1000 kg from the left to the and more, which corresponds to higher impact energy levels,
right diagrams). A very clear decrease in tangential coeffi-the previously-mentioned general decreasing treng&,ofs
cient of restitutionR, is found for increasing falling heights, found even slighter with a nearly constant value (Fig. 12). A
although it attenuates as the impact velocity becomes highesimilar observation is reported by Chau et al. (1998): they
In contrast,R,, and Ry g show in general a slighter decreas- observe a decrease 8f, with increasing impact energy for
ing trend. For impacts of small incident velocity, i.e. for a low energy levels, whereas for higher energy levels, the im-
free fall of about 1 m, the downhill rolling of the block is im- pact energy has no influence &). The trends fork, and
posing the “rebound” direction. It is quite tangential to the Ry are as well confirmed by the tests performed by Chau et
slope surface, which means a smijland a largeR,. Asthe  al. (1998) or Wong et al. (2000).

falling height increases, the block is observed to penetrate The normal ,), tangential §;) and energetick; ¢) co-
deeper into the ground and then to rebound more normal t@fficients of restitution measured during the half-scale exper-

the slope because of the increasing resistance of the grounghental study range between the following values:
accumulated in front of it.R,, increases slightly or remains

constant andR; strongly decreases. Of course, the energy R 0.003-0.257 ~ mean over all tests: ~ 0.04
dissipation resulting from the ground plastification and the R::  0.07-1 mean over all tests:  0.48
rolling and sliding friction increases with increasing falling Rrg: 0.0003-0.336 mean over all tests:  0.03

heights. Figure 13 plotsk, versusR, and compares the resulting vari-
The observed trend ok, being more sensible to the im-  ability range with data gathered from impact tests on detrital
pact velocity than the normal componeRj confirms ob-  slopes by Fornaro et al. (1990) and with data from small-
servations made by Urciuoli (1988) and statements of othescale impact tests on soil slopes by Chau et al. (2002). Over-
authors (e.g. Hutchings et al., 1981). A controversial obser-all, the measured coefficients are found to meet quite well
vation was reported by Ushiro et al. (2000), who stated thatthe values stated in literature for soft soil slopes. However,
R, is insensitive to the impact velocity. However, their im- the presently obtained values f&, tend to be lower than
pact tests were conducted on rock and concrete, not on sothe ones reported in some data sources (e.g. Fornaro et al.,
soil. 1990). As these values are generally based on impact tests on
soil slopes stiffer than the present slightly-compacted sand,
this difference is understandable. It could also be due to dif-
ferences in soil depths, i.e. the thickness of detrital material
above bedrock in Fornaro et al. (1990) tests is possibly lower
For a vertical free fall, the trend of the coefficients of resti- than the 1 m thickness of sand layer beneath the impact point
tution with increasing impact energy is the product of the imposed in the present half-scale study.
trends observed for each of the parameters block mass and The wide range of variation of the coefficients of resti-
falling height. Consequently, for a certain block, the changetution, especially the tangential one, is related to the fact
in coefficients of restitution with impact energy is similar that they do not depend only on parameters related to the
to the trend observed for the change of falling height (seeground (stiffness and friction angle), but also on parameters
the previous section). However, for blocks weighing 500 kg related to the block and to the kinematics. As for the block

4 Discussion
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Fig. 13. Variability ranges of the coefficients of restitutidt), and R; (without values for normal impacts) according to the half-scale test
results (left, impact tests on a sandy slope). The variability ranges stated by Chau et al. (2002) and Fornaro et al. (1990) are presented on th

right hand side.

characteristics (Sect. 3.3.2 and 3.3.3), the size and shape arelt is observed that these mechanisms are very much inter-
found to have a stronger influence than the weight. A smalledependent, as illustrated by the following four examples:

block loses more energy during impact than a larger block
with similar weight. This means that a boulder supposed
to have e.g. an elliptical shape with a contact radtu@lat
side) and a contact radius(pointed side; withR>r) loses
more energy during impact and rebounds less if it hits the
ground with the more “pointed” part than if it impacts the
ground with its flat side. As concerns the kinematics, the im-
pact angle and the impact velocity, related respectively to the
slope inclination and to the square root of the dropping height
for the performed vertical free fall experiments, are found to
have a clear influence as well, which confirms observations
by Urciuoli (1988) and Pfeiffer and Bowen (1989).

From a thorough analysis of the impact films, the move-
ment of the block is found to consist of three main mecha-
nisms acting partly antagonistically:

— A normal translation (penetration), as a function of the
bearing capacity of the ground material.

— A tangential translation (sliding), depending on the
mass and shear resistance of the ground material in front
of the block.

— A rotation of the block, as a function of the slope in-
clination, the impact direction and the impact velocity

For vertical impacts on horizontal ground, no rotation
and lateral translation occur.

For impacts of small incident velocity on a stable slope,
i.e. not close its limit of equilibrium, no distinct crater
is formed whereas the lateral translation and the rotation
of the block are very clear. The ground behaves mainly
elastically and the block rolls on the slope surface. This
behaviour was observed for free falls of a few meters.

For an impact of high velocity on the same slope, the
block penetrates into the soft ground material, creat-
ing a distinct crater and causing local or even global
failure of the ground. As the crater rim hinders the
rolling of the block, the normal translation preponder-
ates, whereas the lateral translation and the rotation are
less clear.

If the slope inclination is close to the internal friction
angle of the ground material, the ground fails superfi-
cially at impact and causes a very distinct lateral move-
ment of the block, whereas penetration and rotation are
comparatively less important.

(by means of the depth of the crater generated during; has to be emphasised that the observations and state-

impact).

ments made in the framework of this half-scale experimen-

tal study are valid for rather restrictive conditions, that is
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to say vertical impacts on a horizontal or inclined granu-the methodological recommendations asserted in an Interreg
lar, cohesionless ground material (dry sand) at low energies$lC project of the European Community entitled “Prevention
(falling height< 10 m, block mass 1000 kg) with spherical  of slope movements and cliff instabilities” (Labiouse et al.,
or spherical based blocks. The kinematical impact condition®2001; Labiouse, 2004).

(vertical fall on a slope, no initial rotation, high energy loss
during impact resulting in low coefficients of restitution) cor-
respond to the first impact of blocks detached from a stee
rock face. It should be kept in mind that some of the de- . .

scribed results might be influenced by the specific conditionsm the framework of rockfall trajectory modelling, the bounc-

. “Ing phenomenon occurring when a rock block impacts with
of the performed tests and should be assessed for other 'Mhe slope surface is the most difficult to understand and to

Ei?;rﬁj)r?eiglonr?ott)efg;zigl?a nteora(;IiSs{t:litrI]O:.isr:ntr?:r::;zlt"ii/ré ';[n\]f\(:spredict. To acquire a better knowledge of the phenomenon
ence of the iympac?anglﬁand of thegslope inclinatiofi as and to mvestlggte the influence of various impact parameters,
they complete each other to90 a comprehensive laboratory testing study was un_dertaken at
. . : he LMR-EPFL. The paper focuses on half-scale impact ex-
Con_cernmg the bIQCk shap_e, it should be ment'oned.th?_E)eriments (maximum energy of 100 kJ) completed to quan-
some impact tests using a cubic block were performed withi ify the coefficients of restitution. Blocks of different weights

the tscop(? of th? research work.t Ithas been thV\ll.n th?t tfhe "Mup to 1000 kg) and shape were vertically dropped from var-
pact configuration (e.g. impact on corner, toppling to aCinus heights (up to 10 m) on a horizontal or inclined layer of

'”?pa"t on corner, topplmg to edge;. impact on edge, t0p'slightly compacted sand (inclination up to°30
pling to face) has a very important influence on the block The analysis proves that the rebound of rock blocks as

Lneogr??;e? ddtl:)”gg 3::2ifé?rggpicr;rizlmpi?r'f)ar%l?lgn;nhgﬁmell as the coefficients of restitution expressed for the mass
: u ' S! ' N9 , . centre of the block, as commonly used to characterise the
ysis of the phenomenon. Indeed, for certain conﬁguranonsrebound in trajectory computer codes, depend not only on

the.block topples to 'th.e side, !eavmg the image plan and renQround characteristics, but also on parameters related to the
dering a 2-D analysis impossible.

The fact that it is n T nsider the sh f th block and to the kinematics. As for the block characteris-
€ fact tnat It IS nécessary 1o consider the shape o %ics, its size and shape are found to have a clear influence on
block and the kinematical conditions to describe the mov

©the block motion and the coefficients of restitution. So it is

ment of .the block durlng and after !mpact emphasises th.q‘or characteristics related to the kinematics such as the slope
complexity of the occurring mechanisms. Consequently, 'tinclination and the impact velocity

is certainly illusive to model all different mechanisms occur- A thorough observation of the impacts has shown that the

ring during the impact of _ro_ck blocks on g_ranular material block motion during impact is governed by mechanisms of
based on two overall coefficients of restitution®sandx;, enetration, sliding and rotation, acting partly antagonisti-

expressing the rgte .Of re.s_titufced velocity for the mass Centréc)ally. For different impact conditions, one or another of these
of the bIC.)CI.(' This S|mpl|f!cat|on, actually adopted by most mechanisms is privileged, governing on its part the block mo-
of the existing rockfall trajectory codes (lumped mass mod-tion after impact

?Is), Is certainly convenient pUt incapable of reproducing the The complexity of the rebound process emphasizes that
impact phenomenon, especially on granular material. On th?t is not adequate to model it by means of two overall co-

gggrhrzggé:gz It')kez;g?;tgfr!moﬁthsp:]i?ﬁ(:;iqggtigigj.xaefficients of restitution expressed for the mass centre of the
account the sha 3(; of the b|O(I)?<S alrjld use formulations V'vit%lock. Models that take into consideration the instantaneous

. pe of . h-:ontact surface between block and ground material should be
coefficients of restitution not defined for the mass centre of . appropriate. As the former approach is adopted for con-

the block, but for the ms_tantaneous contact surface betwee\r/'enience by many rockfall trajectory codes, computer results
block and ground material.

. should always be checked against field observations prior to
As most trajectory computer codes model the block re- Y 9 P

. - any delineation of areas at risk and design of protection mea-
bound by means of two restitution coefficients expressed forsu?e s 9 P
the mass centre of the block and generally only defined from '
a rough description of the outcropping material, their accu-

racy is certainly in question and their results should be in-

terpreted with caution. For that reason, prior to any ql'Iaml_supporting the thesis financially. They are also grateful to two

tatlll\ge anaIﬁ/SB of block trajectories, it is hl_ghly ad\li;sﬁble to reviewers, whose suggestions and comments have helped to
calibrate the program parameters on previous rockfa eventﬁ,nprove the quality of the paper.

on the site of interest or on other slopes with similar char-

acteristics, by checking the trajectory results against field

observations (impacts on the slope, damages to vegetatiotkdited by: K. Schellenberg

zones of transit and accumulation). This advice was amongsReviewed by: M. Thuering and another anonymous referee
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