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Abstract.  The seismic signals generated by rockfalls can provide infor-
mation on their dynamics and location. However, the lack of field observa-
tions makes it difficult to establish clear relationships between the charac-
teristics of the signal and the source. In this study, scaling laws are derived
from analytical impact models to relate the mass and the speed of an indi-
vidual impactor to the radiated elastic energy and the frequency content of
the emitted seismic signal. It appears that the radiated elastic energy and
frequencies decrease when the impact is viscoelastic or elasto-plastic com-
pared to the case of an elastic impact. The scaling laws are validated with
laboratory experiments of impacts of beads and gravels on smooth thin plates
and rough thick blocks. Regardless of the involved materials, the masses and
speeds of the impactors are retrieved from seismic measurements within a
factor of 3. A quantitative energy budget of the impacts is established. On
smooth thin plates, the lost energy is either radiated in elastic waves or dis-
sipated in viscoelasticity when the impactor is large or small with respect

to the plate thickness, respectively. In contrast, on rough thick blocks, the

elastic energy radiation represents less than 5% of the lost energy. Most of
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the energy is lost in plastic deformation or rotation modes of the bead ow-
ing to surface roughness. Finally, we estimate the elastic energy radiated dur-
ing field scale rockfalls experiments. This energy is shown to be proportional

to the boulder mass, in agreement with the theoretical scaling laws.
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X-6 FARIN ET AL.: CHARACTERIZATION OF ROCKFALLS FROM SEISMIC SIGNAL

1. Introduction

Rockfalls represent a major natural hazard in steep landscapes. Because of their unpre-
dictable and spontaneous nature, the seismic monitoring of these gravitational instabili-
ties has raised a growing interest for risks assessment in the last decades. Recent studies
showed that rockfalls can be automatically detected and localized with high precision from
the seismic signal they generate [Surinach et al., 2005; Deparis et al., 2008; Dammeier
et al., 2011; Hibert et al., 2011, 2014a]. A burning challenge is to obtain quantitative
information on the gravitational event (volume, propagation velocity, extension,...) from
the characteristics of the associated seismic signal [Norris, 1994; Deparis et al., 2008; Vila-
josana et al., 2008; Favreau et al., 2010; Dammeier et al., 2011; Hibert et al., 2011, 2014a;
Moretti et al., 2012, 2015; Yamada et al., 2012].

Some authors found empirical relationships between the rockfall volume and the max-
imum amplitude of the signal or the radiated seismic energy [Norris, 1994; Hibert et al.,
2011; Yamada et al., 2012]. The precursory work of Norris [1994] on rockfalls of large
volume > 10* m? at Mount St Helens showed that the maximum amplitude of the emitted
signal depends linearly on the rockfall volume. This is in agreement with the observa-
tions of Yamada et al. [2012] on landslides triggered in Japan by Typhoon Talas in 2011.
The authors observed that the integral of the squared signal amplitude measured at 1
km from the source varied as the square the landslide volume. In contrast, Hibert et al.
[2011] showed that the seismic energy emitted by rockfalls is proportional to their volume
in the Dolomieu crater of the Piton de la Fournaise volcano, Réunion Island. Moreover,

Dammeier et al. [2011] used a statistical approach and estimated the volume V' of several
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rockfalls in the central Alps from the measurement of the duration t,, enveloppe area
EA and peak amplitude PA of the generated seismic signal. For twenty well constrained
events, they found the empirical scaling law: V oc t1-0368 FA=0-1248 p A1.1446  The volumes
estimated with this relation were close to the measured ones but the results were sensitive
to the distance of the seismic stations from the events.

Other surveys investigated the ratio of the radiated seismic energy W, over the potential
energy AE, lost by the rockfalls from initiation to deposition [Deparis et al., 2008; Hibert
et al., 2011, 2014a; Lévy et al., 2015]. Deparis et al. [2008] studied ten rockfalls that
occurred between 1992 and 2001 in the french Alps and estimated that the ratio W, /AE,
was between 107> and 1073, Hibert et al. [2011, 2014a] observed that the ratios of the
seismic energy W, radiated by the rockfalls in the Dolomieu crater over their potential
energy lost AE, varied from 5.107° to 2.1073. Finally, Lévy et al. [2015] found W,;/AE, ~
1.1.107% — 2.8.107® for pyroclastic and debris flows that occurred on the Souffriere Hills
volcano in Montserrat Island, Lesser Antilles. Most of the aforementioned studies focused
on a specific rockfalls site [Norris, 1994; Deparis et al., 2008; Dammeier et al., 2011; Hibert
et al., 2011, 2014a; Yamada et al., 2012; Lévy et al., 2015]. It is however difficult to test
the developed techniques on other sites because only a few of rockfalls areas are nowadays
simultaneously seismically and optically monitored.

Because gravitational events are very complex, it is still not clear what parameters
controls their seismic emission. The seismic signals generated by rockfalls on the field are
partially composed of waves emitted by individual impacts of boulders, triggering high
frequencies noise, typically higher than 1 Hz [e.g. Deparis et al., 2008; Vilajosana et al.,

2008; Helmstetter and Garambois, 2010; Hibert et al., 2014b; Lévy et al., 2015] and by

DRAFT September 11, 2015, 6:01pm DRAFT



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

X-38 FARIN ET AL.: CHARACTERIZATION OF ROCKFALLS FROM SEISMIC SIGNAL

long period stresses variations owing to the mass acceleration and deceleration over the
topography, responsible for lower frequencies in the signal (< 1 Hz) [e.g. Kanamori and
Given, 1982; Favreau et al., 2010; Allstadt, 2013]. To start the work on understanding the
seismic emission of rockfalls, we focus here on the seismic signal generated by impacts.

The dynamics of impact can be described at first order by the classical model proposed
by Hertz [1882] that gives the analytical expression of the force of impact of an elastic
sphere on a solid elastic surface [see Johnson, 1985]. From the comparison of the impacts
forces and durations measured from the emitted seismic signal with that predicted by Hertz
[1882], Buttle and Scruby [1990] and Buttle et al. [1991] managed to retrieve the diameter
of sub-millimetrical particles impacting a thick block. However, their computation was
based on the direct compressive wave, measured at the opposite of the impact on the
target block. Their configuration can therefore not be exported to field context. Also
based on Hertz [1882]’s theory, Tsai et al. [2012] expressed the long period power spectral
density generated by the impacts of sediments on the bed of rivers as a function of the
river parameters such the particle size distribution, the impact rate and the bed load flux.
From seismic measurements of Burtin et al. [2008] on trans-Himalayan Trisuli River, T'sai
et al. [2012] were then able to quantitatively deduce the bed load flux.

In this paper, we adopt a similar approach. The basic idea is to derive from Hertz
[1882)’s model analytical scaling laws relating the radiated elastic energy and the fre-
quencies of the seismic signal generated by an impact to the mass and the speed of the
impactor. These laws can then be inverted to deduce the impact parameters from a mea-
surement of the emitted seismic signal. Note that Tsai et al. [2012] assumed for their

analytical model that the impact duration was instantaneous because they focused on

DRAFT September 11, 2015, 6:01pm DRAFT



68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90
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signals of long periods compared with this duration. On the contrary, we do not assume
an instantaneous impact here because we try here to use the whole spectrum content. In-
deed, in order to robustly estimate the impact parameters from the emitted signal using
our scaling laws, we need to determine the absolute energy radiated in elastic waves and,
therefore, the entire amplitude spectrum of the seismic signal generated by the impact.
This implies:

1. to record signal periods much smaller than the impact duration;

2. to know well the elastic properties of the impactor and of the substrate, i.e. their
elastic modulii, their density, the type of mode excited in the substrate after an impact,
its dispersion and how its energy attenuates with increasing distance from the source.

These two conditions are not easy to address in the field because usual sampling times
are of the order of the typical impact durations (~ 0.01 s) and because of the strong
heterogeneity of the ground. Therefore, in order to test our analytical scaling laws, we
perform controlled laboratory experiments of impacts of spherical beads on thin plates
with an ideal smooth surface, then on rough thick blocks i.e., in a context similar to that
of the field. A series of impact experiments is also conducted with gravels to quantify
how the relations between impacts properties and signal characteristics change when the
impactor has a rough surface, which is a more realistic case i.e., closer to what is observed
for natural rockfalls.

During an impact, a significant part of the impactor’s energy can be lost in inelastic pro-
cesses such as plastic i.e., irreversible, deformation of the impactor or the ground [Davies,
1949] or viscoelastic dissipation in the vicinity of the impact [Falcon et al., 1998]. These

losses are not considered in Hertz [1882]’s elastic impact model. In this paper, we use
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analytical models of viscoelastic and elasto-plastic impact to estimate how the frequen-
cies of the emitted vibration and the radiated elastic energy deviate from that predicted
using Hertz [1882]’s theory when inelastic dissipation occurs. Using these models, we
interpret the discrepancy observed between the measured values in our experiments and
those predicted by the elastic model of Hertz [1882]. Another advantage of the laboratory
experiments is that the total energy lost during the impact can be easily measured from
the velocity change of the impactor before and after the impact. We can then establish a
quantitative energy budget among the energy radiated in elastic waves and that dissipated
in inelastic processes. This allow us to better understand the process of wave generation
by an impact and to roughly extrapolate what should be the relative importance of the
different loss processes for natural rockfalls.

This paper is structured as follows. In section 2, we recall the theory for elastic, vis-
coelastic and elasto-plastic impacts of a sphere on a plane surface and we derive the
analytical scaling laws from this theory. The experimental setup is presented in section 3.
In section 4, we test experimentally the scaling laws established in section 2 and retrieve
the masses and speeds of the impactors from the measured seismic signals. In addition,
we establish the energy budget of the impacts among elastic and inelastic losses and ob-
serve how this budget varies on smooth thin plates and rough thick blocks when the bead
mass and the elastic parameters change. In section 5, the discrepancy of the experimental
results with the theory is discussed. Finally, the analytical scaling laws demonstrated in
this paper are compared with empirical relations observed in drop experiments of large
boulders in a natural context. We identify the issues that should be overcome in order to

apply our scaling laws to natural impact situations.
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2. Theory: Relations Between Impact Parameters and Seismic Characteristics
The vibration displacement u(r, t) at the distance r from an impact is given by the time
convolution of the force F(rg,t) applied to the ground at position r; with the Green’s

function C:}(r, r,, t) of the structure where the wave propagates [Aki and Richards, 1980]:
u(r,t) = G(r,r,, t) « F(r,, 1), (1)

where *x stands for the time convolution product. In our experiments, we only have access
to the vibration acceleration in the direction normal to the surface a,(r,t). In the time

Fourier domain, this acceleration is given by:

Az(T7 f) = _(27Tf)2ézz(rv f)Fz(f)v (2)

where f is the frequency and FZ( f) is the time Fourier transform of the vertical impact
force F,(t). The expression of the Green’s function G..(r, f) is different when the impact
duration is greater or smaller than the two-way travel time of the emitted wave in the
structure thickness, i.e. for impacts on thin plates and on thick blocks, respectively. A
plate of thickness h vibrates normally to its surface because the fundamental Aq mode of
Lamb carries most of the energy [Royer and Dieulesaint, 2000; Farin et al., 2015]. The

module of the Green’s function of this mode of vibration can be approximated by [e.g.

Goalr )] = g\ 3)

where k is the wave number, B = h*E, /12(1 — ;}) is the bending stiffness and E,, and v,

Goyder and White, 1980]:

are the Young’s modulus and the Poisson ratio of the impacted structure, respectively. At
low frequencies i.e., for kh << 1, the wave number k is related to the angular frequency

w by k* = w?p,h/B, where p, is the plate density.
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In contrast, an impact on a thick block generates compressive, shear and Rayleigh
waves [Miller and Pursey, 1955; Aki and Richards, 1980]. For kr >> 1 i.e., in far field,
the displacement mainly results from Rayleigh waves and the Green’s function can be

approximated by [Miller and Pursey, 1955; Farin et al., 2015]:

Goalr, )]~ 22 “WO‘W 2cr (4)

T 2ucp  fi(mo) Twr’

where p is the shear Lamé coefficient, cp is the compressional wave speed, & =

V2(1 —1,) /(1 =21, folz) = (22% — €2)? — 42?\/ (22 — 1)(22 — €2) and x( is the real
root of fy.

In this section, we derive analytical scaling laws that relate the energy radiated in
elastic waves and the characteristic frequencies of the vibration flz(r, f) emitted by an
impact to the impact parameters (mass m, speed V.). Because the vibration A.(r, f) is
controlled by the impact force F,(f) [equation (2)], the scaling laws are different when
the impact is elastic or when viscoelastic dissipation or plastic deformation occur. Let
us first recall the expression of the impact force for an elastic impact and how it changes
for an inelastic impact. Note that we do not use any elasto-visco-plastic model of impact
here because elastic energy radiation, viscoelastic dissipation and plastic deformation are
never simultaneously significant in our experiments, even though it could be the case on
the field. For example, in certain cases, viscoelastic and plastic losses are negligible and

an elastic impact model is sufficient to describe the energy transfer.

2.1. Impact Models

2.1.1. Elastic Impact Model

2.1.1.1. Hertz’s Model

DRAFT September 11, 2015, 6:01pm DRAFT
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Hertz [1882] gives the force of elastic contact of a sphere of mass m on a plane as a

function of their interpenetration depth 0,(t) (Figure 1a):

F.(t) = —K&2(1), (5)
where
4 1/2 =
with R, the sphere radius and 1/E* = (1 —v7)/E,+ (1 — 1)/ E,, where vy, vy, Es, E, are

respectively the Poisson’s ratios and the Young’s moduli of the constitutive materials of
the sphere and the impacted plane.
During an impact, the displacement of the center of mass of the sphere is equal to the

interpenetration d,(t). Neglecting the gravity force, the equation of motion of the sphere

is then:
d?6.(t) 3/2
m—n = —K&(t). (7)
The solution of equation (7) is of the form 6,(t) = d.0f(¢/7T.). The maximum interpene-

tration depth 9 and the impact duration T, are respectively given by [Johnson, 1985]:

2\ 2/5
b= () (8)
4K
and
8.0 16m? \ '/
where V is the impact speed.

The maximum value of the impact force is therefore, according to equation (5):

(10)

5mV2\%/°
4K> ’

Fo= K& = K(
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In the following, the interpenetration depth 0,(t), the time t and the force F.(t) are
respectively scaled by 0,9, d.0/V, and Fp, that contain all the informations on the impact
characteristics.
2.1.1.2. Hertz-Zener’s model for impacts on thin plates

Hertz [1882)’s model [equation (8)] is valid provided that the energy radiated in elastic
waves during the impact represents a small proportion of the impact energy %mvzl/ 2
[Hunter, 1957; Johnson, 1985]. This is not the case when the thickness of the impacted
structure is around or lower than the diameter of the impactor, i.e. for impacts on thin
plates and membranes [e.g. Zener, 1941; Farin et al., 2015]. When the energy lost in
plate vibration during the impact is not negligible, Zener [1941] proposed a more exact
description than Hertz [1882]’s model of the interaction between the sphere and the plate’s

surface. One has to distinguish the sphere displacement z, given by:

d?z(t)
M=y = —F. (1), (11)

from the plate’s surface displacement u, at the position of the impact, whose time deriva-
tive is:

du,(t)
dt

= }/elFZ(t)v (12)

where Y,; is the real part of the time derivative of the Green’s function at the impact po-
sition R (dG,,(ro,t)/dt), i.e. the radiation admittance. This function is given by [Goyder
and White, 1980] for plates:

1

8v/Bpyh’

with B, the bending stiffness and h, the plate thickness. In these equations, the impact

Yo = (13)

force F,(t) follows Hertz [1882)’s theory [equation (5)].
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The difference of equation (11) and the derivative of equation (12) gives the following
equation for the relative movement of the sphere and of the substrate i.e., the interpene-

tration d,(¢) = z(t) — u,(t), in dimensionless form with §* = 4,/d.0 and t* = V,t/d,0:

‘if: = —Z (5*3/2 + Azj—ia*lﬂ) : (14)
with
PR 0.1751/15*—2/57;@2/%1/5. (15)
ps "/ Bpph
In equation (14), we retrieve the impact model of Hertz [1882] [equation (7)] with
a corrective term that depends on the parameter Az. This corrective term becomes

negligible when the thickness h of the structure is much larger than the diameter d of
the impactor because the parameter Az tends towards 0 [Zener, 1941]. Therefore, for
impacts on elastic half-spaces i.e., on thick blocks, the corrective term disappears and the
model of Zener [1941] [equation (14)] matches with that of Hertz [1882] [equation (7)].
As a consequence, this model is only relevant for impacts on thin plates.

Equation (14) is solved numerically for different values of Az with the initial conditions

6*(0) = 0 and 9%(0) = 1. The impact force F.(t)/Fy = §**?* is shown on Figure 1b.
When )z increases i.e., when m and V, increase, the force profile looses its symmetry
with respect to its maximum, its amplitude decreases and its duration increases. For an
inelastic coefficient Az = 0.25, the force is only slightly affected. Practically, Az is always
smaller than 0.5 in our experiments.

2.1.2. Viscoelastic Impact Model

Viscoelastic dissipation is related to the viscosities of the materials involved in the

impact and can be described as a heat loss. Viscoelastic solids are often represented by

DRAFT September 11, 2015, 6:01pm DRAFT



212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

X-16 FARIN ET AL.: CHARACTERIZATION OF ROCKFALLS FROM SEISMIC SIGNAL

a spring and a dashpot in parallel (Kelvin-Voigt model). Hertz [1882]’s theory has been
extended to viscoelastic impacts, adding a force Fys4(t) in equation (7) to model viscous

dissipation [Kuwabara and Kono, 1987; Falcon et al., 1998; Ramirez et al., 1999]:

3 do,(t
Funs(t) =~ DR 12 (16)

with D, a characteristic time depending on the materials viscosities and elastic constants
[Hertzsch et al., 1995; Brilliantov et al., 1996; Ramirez et al., 1999]. The expression of D
is only given in the literature in case when the sphere and the plane have the same elastic

parameters E and v:

2 (1= -2v)
(x +2n) Ev? ’

-2 (17)

where y and 7 are the bulk and shear viscosities, respectively. We can not measure these
two last parameters in our experiments and they are not tabulated in our frequencies
range of interest, therefore D will be an adjustable parameter.

The dimensionless equation of motion for a viscoelastic impact is then:

2 S *
d#o _ 0 (5*3/2 _i_aﬂé*lp) 7 (18)

dt=? 4 dt*

which is the same expression as for Zener [1941]’s model [equation (14)] but with a

different parameter:

E*2/5 z1/5
DE ~14D—— V.

o= —_—
1/1 ’
0 ps/ 5 ml/3

NN V]

(19)

the viscoelastic parameter [Ramirez et al., 1999]. For o = 0 (i.e., D = 0), equation (18)
matches with equation (7) for elastic impacts.
Because equations (14) and (18) are identical, when « increases the force profile varies

exactly the same way as when Az increases in Zener [1941]’s model (Figure 1b). However,
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note that the corrective terms to Hertz [1882]’s model in the viscoelastic and Zener [1941)’s
models have a different physical origin. The viscoelastic corrective term is due to the fact
that the impactor and the ground have an intrinsic viscosity [Falcon et al., 1998]. This
term is stronger when the mass m, or diameter d, of the sphere decreases [equation (19)].
On the contrary, the corrective term of Zener [1941]’s model comes from the fact that a
larger amount of the impactor’s kinetic energy is transferred into plate vibration during
the impact when the sphere’s diameter d is large compared to the plate thickness h [Zener,
1941] [equation (15)]. We can therefore assume that the viscoelastic and Zener [1941]’s
impact models are never simultaneously effective.
2.1.3. Elasto-plastic Impact Model

Plastic (i.e. not reversible) deformations result from irreversible structural modifications
which occur when the pressure on the contact area P(t) = F,(t)/2mRd,(t) reaches the
dynamic yield strength Py = 3Y; of the material, where Y, is the dynamic yield stress of
the softest material [Crook, 1952; Johnson, 1985]. Plastic deformation can be evidenced
by the apparition of a crater at the impact position. The energy lost to create this crater
modifies the shape of the impact force with respect to the case of an elastic or viscoelastic
impact. A model was proposed by Troccaz et al. [2000] to describe the evolution of the
impact force when the limit of elastic behavior is exceeded. This model is based on the
hypothesis that only the sphere or the structure deforms plastically. Such an impact is
composed of three successive phases:

1. The impact is elastic while P(t) < Py and the impact force F'(¢) follows equation

(5);

DRAFT September 11, 2015, 6:01pm DRAFT



255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

X-18 FARIN ET AL.: CHARACTERIZATION OF ROCKFALLS FROM SEISMIC SIGNAL

2. When P(t) > Py the deformation is fully plastic and the force expression becomes
F,(t) = —2mRPyd,(t) until the force reaches a maximum F},,,, which is smaller than the

maximum value Fy for an elastic impact;

3. The rebound is elastic with F,(t) = Fpa ((62(t) — )/ (Omaz — 5r))3/2, where 0,44
is the maximum interpenetration reached and J, is the residual deformation after plastic
deformation, that is neglected (i.e., considered to be 0) in the following.

The dimensionless equation of motion during plastic deformation (phase 2) is then, if

J.(t) and time ¢ are respectively scaled by d.¢ and d,0/V.:

d2s* 5 Py
— T Y+ )
a? = 1R (20)

where Fj is the maximum stress during Hertz’s elastic impact:

K637 2<5
3 _

1/5
_ I et 1/5E*4/5V2/5. 21
2R,y 37 4) Ps z (21)

Equation (20) depends only on the stresses ratio Py /P, that is independent of the
impactor mass m. When this ratio is greater or equal to 1, the impact is purely elastic.
The amplitude of the impact force decreases as the stresses ratio Py /Py decreases (Figure
lc). Both the duration of the impact and the time to reach the maximum amplitude

increase for an elasto-plastic impact with respect to the elastic case.

2.2. Analytical Scaling Laws

The seismic signal generated by an impact can be characterized by the radiated elastic
energy W, and by a frequency. Here we relate analytically these seismic characteristics
with the mass m and the speed V, of the impactor using the impact models presented
above.

2.2.1. Radiated Elastic Energy
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The energy W, radiated in elastic waves is the work done by the impact force F.(t)

during the impact, i.e.,

wor [ Ro™ - [ IR0 2

o0 —oc0
according to Parceval’s theorem, where d”d;t(t) is the vibration speed at the impact position
lequation (12)] and Y. (f) is the time Fourier transform of the radiation admittance.
The radiated elastic energy Wy, is different for impacts on thin plates and on thick blocks
because the radiation admittance ffel( f) has a different expression. Developing equation
(22), we obtain in Table 1 analytical expressions for the elastic energy W, radiated during

an impact on thin plates and thick blocks, as a function of the impact parameters (see

Appendix A for details on the calculations). On thin plates,
Wel = CLlC latem5/3V11/5 23
p z
and, on thick blocks,
We = asChioekmV,*?, (24)

where coefficients a; and a, depends only on the elastic parameters (see Table 1). In these
expressions, Cpigte = f_t;o |g(t*)|2dt* and Chloer = 0+OO f*2|§(f*)|2df*7 where |g(t*)| =
|F,(t)|/Fo with t* = V,t/d,0 and where g(f*) is the time Fourier transform of g(¢*). For
an elastic impact i.e., with F(¢) given by equation (5), we obtain Cpae =~ 1.21 and Chjper =
0.02. The function g(¢*) has a lower amplitude when the impact is inelastic compared to
the case of an elastic impact (Figures 1b and 1c). Therefore, both coefficients Cpqe and
Chioer. decrease when the viscoelastic parameter « increases and when the stresses ratio
Py /Py decreases (Figures 2a and 2b). Moreover, on thin plates Cpe also decreases when

the parameter Ay increases (Figure 2a). As a consequence, less energy is radiated in the
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form of elastic waves when the impact is inelastic with respect to the case of an elastic
impact.

On thick blocks, the radiated elastic energy W,; is proportional to the impactor’s mass
m for a given impact speed V, [equation (24)]. Moreover, the ratio of W,; over the impact
energy E. = %me varies as V2/° and is independent of the sphere mass m, which is in
agreement with Hunter [1957]’s findings.

It is important to note that the analytical expressions for the radiated elastic energy W,
in Table 1 are only controlled by the impact force F, and by the rheological parameters of
the impactor and the substrate in the vicinity of the impact but do not depend on wave
dispersion and viscous dissipation during wave propagation within the substrate.

2.2.2. Characteristic Frequencies

The frequency content of the seismic signal emitted by an impact can give information
on the impact duration. To describe the amplitude spectrum |A.(r, f)| of the acceleration
vibration, we can either measure:

1. A mean frequency feqn that is less sensitive to the signal to noise ratio than the

frequency for which the amplitude spectrum is maximum | Vinningland et al., 2007a, b):

ij‘AfOUfﬂfdf
S AL, PldF

(25)

f mean —

2. The bandwidth Af:

oA )IPAf
o AL Nlaf

Af = — Frnean’. (26)

Regardless of the complexity (fracturation, layers, ...) of the substrate where the waves
emitted by the impact propagate, it is important to notice that the mean frequency

fmean and the bandwidth Af are always inversely proportional to the duration of the
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impact, which is given by the force history at the position of the impact. Here, we
normalize these frequencies by Hertz [1882]’s impact duration T,. The coefficients of
proportionality between fiean, Af and 1/T, are estimated for elastic, viscoelastic and
elasto-plastic impacts by computing a synthetic spectrum |A.(r, f)| using equation (2)
with the forces represented in Figures 1b and 1c for different values of o and Py /Fy. The
frequencies for an elastic impact i.e., for a« = 0 and Py /Py = 1, are given in Table 2. Both
frequencies feen and Af are smaller when the impact is inelastic compared to the case
of an elastic impact (Figure 3). They decrease by ~ 5% when « increases from 0 to 0.5
and by ~ 25% when the stresses ratio Py /Py decreases from 1 to 0.5.

When normalized by T, the characteristic frequencies are also affected by wave disper-
sion and viscous attenuation of energy during propagation i.e. by the Green’s function of
the structure. These propagation effects are independent of the profile of the impact force,
i.e. of the fact that the impact is elastic or inelastic. For the computation of the charac-
teristic frequencies on thick blocks, we used for simplicity the far field approximation of
the Green’s function of Rayleigh waves [equation (4)]. This approximation is correct for
impacts on homogeneous media such that investigated in the laboratory experiments of
section 4. In the field, however, the propagation medium is much more complex and other
modes with a different dispersion could develop. In this case, the frequencies normalized
by T, shown in Table 2 could change. Active or passive seismic surveys can allow to eval-
uate locally the Green’s function of a specific site. This Green’s function can then be used
in equations (25) and (26) to estimate how much the normalized frequencies divert from
that computed using the Green’s function of Rayleigh waves. This is however beyond the

scope of the paper. In addition to dispersion, viscous attenuation of energy during prop-
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agation can have a significant influence on the measured frequency on the field, especially
for high frequencies. [Gimbert et al., 2014] investigated the amplitude spectrum gener-
ated by the turbulent flow in rivers and showed that its central frequency can decrease
by a factor of 10 when the distance r from the source increases from 5 m to 600 m, for
a quality factor ) = 20. To quantify the effect of viscous attenuation on frequencies in
our impact experiments, we multiply the synthetic spectrum in equations (25) and (26)
by the factor exp (—v(w)r), where 1/v(w) represents the characteristic distance of energy
attenuation. In our experiments, the propagation media are homogeneous and we record
the seismic signals close to the impacts, from r = 2 ¢m to about 7 = 30 cm. In this range
of distances r and for the substrates investigated in section 4, we estimate that the char-
acteristic frequencies fyeqn decreases and Af increases by less than 5% when r increases,
which is negligible. However, for every practical applications, it is crucial to evaluate wave
dispersion and viscous attenuation during propagation and correct the measured seismic
signal from these effects before computing its energy W, and its frequencies fcqn and
Af. This correction is systematically performed in our experiments.
2.2.3. Inverse Scaling Laws

We can invert the scaling laws derived in this section for the radiated elastic energy
W, and for the frequencies fiean and Af (Tables 1 and 2) to express the mass m and
the impact speed V, as functions of the radiated elastic energy W,; and a characteristic

frequency f. of the seismic signal that is either f,cqn or Af.
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On thin plates, W, = alelatemf’/gVZH/E’, fmean = 0.75/T. and Af = 0.72/T,, then,

developing the expression of T, [equation (9)], we obtain:

5 /16 316
el

m=c — (27)

((alcplate)3/11p§/3> FBN6

and
pl/?’ 5/16

Vz _ s W5/16 25/16 28
“ <a10plateE*2> “l fc ’ ( )
where ¢; &~ 0.046 or 0.05 and c; &~ 10.8 or 10.1 if f. iS finean Or Af, respectively. The

coefficient a; is given in Table 1.
On thick blocks, the inversion of the relations W, = anglOcka;g/ 5, fmean = 1/T. and

Af =0.6/T. gives:

/5 13/16 ng/16 (29)
m = c3 —=
(a2Ch10ck) ¥ 13 p3”° 39/16
and
pl /s 5/16
Vo=o | —0ur | WO 30
“ <a2 CblockE*6/5> el fc ’ ( )
where c3 ~ 4.88 or 4.7 and ¢4 = 0.018 or 0.02 if f. is fiuean or Af, respectively. The value

of as is given in Table 1.

The physical characteristics of an impact can then be theoretically deduced from the
generated seismic signal. With a continuous recording the seismic signals emitted by
rockfalls, such that performed in Dolomieu crater, Réunion Island [e.g. Hibert et al.,
2014al, the relations (27) to (30) could be very useful for risks assessment related to these
events. Note that the estimation of the impact parameters m and V, requires a prior
evaluation of the elastic properties p;, E; and v; of the impactor and the ground. It

should also be noticed that m and V, strongly depend on the frequency f.. For example
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on blocks, if the characteristic frequency is underestimated by a factor of 2, the mass
m will be overestimated by a factor of 2%9/16 ~ 5.4. It is therefore necessary to record
the entire frequency spectrum to obtain a good estimation of the impact parameters.
Because of temporal aliasing during signal sampling, an ideal sampling frequency should
be higher than two times the highest frequency of the spectrum, that should be at least
fmean +Af /2. According to Table 2, the sampling frequency should then be at minimum
3/T..

In section 4.3, the scaling laws presented in Tables 1 and 2 are tested with impacts ex-
periments. Moreover, the masses m and the speeds V, of the impactors in the experiments
are retrieved from the measured seismic signals using equations (27) to (30) and they are

compared with their real values.

2.3. Energy Budget and Coefficient of Restitution

Another objective of this paper is to establish an energy budget of the impacts. To
that way, we compare the radiated elastic energy W, to the total energy lost during the
impact AE.. From a practical point of view, the total energy lost by a spherical bead
rebounding normally and without rotation can be easily measured from the difference of

the bead kinetic energy before and after the impact:

1
AE, = §mVZ2(1 —é?), (31)

where e is the normal coefficient of restitution, that is the ratio of the bead vertical speeds
after and before the impact, respectively V' and V, [e.g. Tillett, 1954; Hunter, 1957; Reed,

1985; Falcon et al., 1998; McLaskey and Glaser, 2010].
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AFE, is the sum of the energy radiated in elastic waves (W), lost in viscoelastic dissi-
pation in the vicinity of the contact (W) and dissipated by all other processes (Wier)-
These other losses can be due to plastic deformation [Davies, 1949], surface forces between
the sphere and the surface, as e.g. electrostatic forces [Israelachvili, 2002], or in general

grain scale interactions [Duran, 2010; Andreotti et al., 2013]:
AEC = Wel + Wm’sc + Wother- (32)

In our impacts experiments, the radiated elastic energy W, is deduced from a mea-
surement of the generated seismic signal. Here we present an analytical expression for
the energy W,s. that will be used later to estimate the losses related to viscoelastic
dissipation.

2.3.1. Energy Lost by Viscoelastic Dissipation

The energy W, lost by viscoelastic dissipation in the vicinity of the impact results
s, (t) ¢1/2

t

from the work done by the viscoelastic force Fy;s = —%DK —==0: (t) during the impact:

oo dé. (¢
Wi — / Flsss(t). ‘iﬁ at, (33)
0

Using the dimensionless variables §* = ¢,/d,0 and t* = V,t/d,¢ and the viscoelastic pa-

rameter o« = %DVZ /9.0, we can show that:

Wm’sc = Cviscm‘/fa (34)
where Clise = O+OO (%)25*1/2(175* is a function of « only (Figure 2c). For an elastic
impact, no work is done by the viscoelastic force because Cy;s. = 0. The expression of

Wise is independent of the fact that the impact is on a plate or on a block because it

concerns the energy dissipated in the impact region.
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The proportion of total energy F. dissipated by viscoelasticity can be developed in
powers of the mass m and the impact speed V, using the third order Taylor series C; . ~

1.24a — 1.51a” + 0.860° and the expression of « in equation (19):

Wm’sc
o = 2C0ise & 34T — 5.920% + 4.722° + O(2?), (35)

where © = DE*2/55; /=135 which is in agreement with the viscoelastic impact
models of Kuwabara and Kono [1987] and Ramirez et al. [1999)].
2.3.2. Total Energy Lost

Finally, if we assume that the sole energy dissipation processes are elastic waves radia-
tion and viscoelastic dissipation and that other energy dissipation processes (e.g. plastic
deformation) are negligible, the proportion of the lost energy AF. radiated in elastic waves

is, on plates:

Wel - alC(plczteTnQ/g‘/;:1/5 (36)
AEC alcplatem2/3 Z1/5 + Cm‘sc’
and the proportion of the lost energy AFE, dissipated in viscoelasticity is:
insc Cvisc
= (37)

AE, alcplatem2/3vz1/5 + Cvisc.
In these expressions, at first order Cyis. o< m™/? [equation (35)]. Therefore, when the
mass m of the impactor increases, the proportion of the lost energy AFE, radiated in
elastic waves should tends towards 100% and that lost by viscoelastic dissipation should
tends toward 0%. The transition from a viscoelastic impact (for small masses) towards an

. . 1/5 . .
elastic impact (for large masses) occurs when alelatem2/ 3VZ/ = Clise, 1.€. for a critical

mass m. ~ 8D +/Bp,h.
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On blocks, we get:

We[ _ GZCblock‘/;g/5 (38)
AEC (lQCblockVtzs/E) + Cvisc’

and
Wm’sc Cvisc

_ e (39)

AEC G,QCb[Oclg‘/z + Cvisc

For large masses m, the ratio W, /AFE, becomes independent of m and tends towards

100% because Cl; . is negligible. When m decreases, the ratio W,;/AE, decreases and the
ratio Wys./AFE, increases.

This model is somewhat ideal because the energy dissipated by other processes such as
plastic deformation are not negligible when the impactor’s mass m is large, in particular
when the contact surface is rough. As a consequence, the ratio W,;/AFE,. practically never
reaches 100% when m increases (see section 4.4.2).

The validity of theoretical scaling laws established in this section for the radiated elastic
energy, the frequencies and the lost energy is tested in section 4 with simple impact

experiments. Prior to this, the experimental setup is presented in the next section.

3. Experimental Setup

We conduct laboratory experiments of beads and gravels impacts on horizontal hard
substrates. The generated seismic vibration is recorded on the surface by mono-component
piezoelectric charge shock accelerometers (type 8309, Briel & Kjaer). The response of
the sensors is flat between 1 Hz and 54 kHz. The impactor is initially held by a screw
and dropped without initial velocity and rotation to ensure reproducibility (Figure 4a).
The height of fall H varies between 2 cm and 40 cm. The impact speed V, is calculated

assuming a fall without air friction: V, = \/2¢gH, with g the gravitational acceleration.
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We drop spherical beads of steel, glass and polyamide (Figure 4b) of diameter d ranging
from 1 mm to 20 mm to observe the influence of the mass and of the elastic parameters on
the results. We conduct the same experiments with granite gravels of irregular shapes and
of similar size and mass than the beads to test if the analytical scaling laws established
for spheres impacts are still valid if the impactor is not spherical. The properties of the
impactors used in the experiments are shown in Table 3.

Four target substrates are used: (i) a smooth PMMA plate of dimensions 120 x 100 x 1
cm?, (ii) a circular 1 cm-thick smooth glass plate of radius 40 cm, (iii) a rough marble block
of dimensions 20 x 20 x 15 cm?® and (iv) a rough concrete pillar of dimensions 3 x 1.5 x 0.6
m?3. The seismic vibration is recorded at different distances from the impacts to measure
waves group speed v, = Ow/0k and phase speed v, = w/k of the direct wave front in these
substrates. These characteristics and the elastic parameters of the investigated structures
are summarized in Table 4. Note that we assume that the rheological properties £,, v,
and p, of the substrates at the position of the impact are the same than that within
the substrates, where the waves propagate. This hypothesis is valid for the homogeneous
solids investigated here but it may not be correct in the fractured and layered media
encountered in the field, whose elastic properties vary with depth. In any cases, it is

necessary to determine these properties in order to quantify the radiated elastic energy

W and to deduce thereafter the impact parameters m and V, from the seismic signal.

4. Experimental Results

4.1. Methods to Estimate the Radiated Elastic Energy
Let us first describe the signals recorded in our experiments of bead impacts on the

different substrates and how we compute the radiated elastic energy W, in each case.
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A bouncing bead generates a series of short and impulsive acoustic signals (Figures 5a,
5b, 6a and 6b). The bead can rebound more than 50 times on the smooth glass plate
while it rebounds only 2 or 3 times on the concrete block owing to surface roughness
(Figures 5b and 6a). We estimate the coefficient of normal restitution e = \/H’/H from
the time of flight At between the successive rebounds because the rebound height is given
by H' = gAt*/8 [Falcon et al., 1998; Farin, 2015]. The total energy lost during an impact
is then given by 1 — e? [see equation (31)].

The PMMA and glass plates and the concrete block are sufficiently large to measure
most of the first wave arrival before the return of the first reflections off the lateral sides
(Figures 5c¢, 5f and 6e). In these cases, we estimate the radiated elastic energy W, from
the energy flux crossing a surface surrounding the impact, as detailed in Farin et al. [2015]

i.e., for plates:

+oo
Wa=2hp, [ 0,V P exp (3(e)r) do (40)
0
and for blocks:

/ 2 +oo
Wy = 2ppr090pﬂ;”rf(r)%?ﬂ)l)/o V. (r,w) 2w exp (y(w)r) dw. (41)

In these expressions, v, is the group speed, |17Z(r,w)| is the time Fourier transform of
the vertical vibration speed at the surface and W}“Tf (r) is the percentage of Rayleigh
waves in the signal at the surface at distance r from the impact [Farin et al., 2015]. The
factor exp (y(w)r) compensates viscoelastic dissipation with distance. The characteristic
distance of energy attenuation 1/y(w) is estimated experimentally for every substrates

(Table 4) [see Farin et al., 2015, for details]. The coefficient S depends only on the

Poisson’s ratio v, (see Figure 17 in Appendix A).
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Because the substrates size is limited, wave reflections off the boundaries are recorded by
the sensors. Side reflections are strongly attenuated in PMMA which is a more damping
material than glass, concrete and marble (Figure 5¢). On contrary, the wave is reflected
many times in the glass plate and in the two blocks and its averaged amplitude decreases
exponentially with time owing to viscous dissipation during wave propagation (Figures 5d,
6c and 6d). An adjustment of an exponential curve on the squared signal, filtered below
2000 Hz, allows us to quantify the characteristic decay time of energy 7 in the substrate
(Table 4) [see Appendix B of Farin et al., 2015, for details on the experimental procedure].
This situation is referred to as a diffuse field in the literature [e.g. Weaver, 1985; Mayeda
and Malagnini, 2010; Sdnchez-Sesma et al., 2011]. In this case, we can estimate the
radiated elastic energy W, from the reflected coda. Indeed, in diffuse field approximation,

the squared normal vibration speed averaged over several periods decreases exponentially:

vxwﬂzvxtzovem>(—f), (12)

T

where t = 0 is the instant of the impact. Knowing the characteristic time 7, we extrapolate
the vibration speed at the instant ¢ = 0 and deduce the radiated elastic energy W,; from

[Farin et al., 2015]:

H\” _
vw~1+@) oVl = O, (43)
v diffuse

where V' is the block volume and (%) is the ratio of horizontal to vertical amplitude

diffuse

at the surface of the structure in diffuse field approximation. On thin plates, (%) diffuse =0

On a thick block of Poisson’s ratio v,, Sdnchez-Sesma et al. [2011] give (%) .~ 1.245+

diffus
0.348v,. Due to statistical assumptions, the diffuse method leads to larger uncertainties

on the results compared to that based on the energy flux [Farin et al., 2015]. However,
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it is the only method that can be applied when the first arrival can not be distinguished

from its side reflections, as for example in the marble block (Figure 6f).

4.2. Comparison with Synthetic Signals

We compare the measured vibration acceleration a,(r,t) with a synthetic signal which
is the time convolution of Hertz [1882]’s force of elastic impact (Figure 1b with o = 0)
with the Green’s function [equations (3) and (4)] (Figures 5e to 5h and 6e to 6h).

A good agreement is observed in terms of amplitude and frequencies on the PMMA
plate but the agreement is less satisfactory on the other substrates. On glass, only the
beginning of the signal is well reproduced by the theory (Figure 5f). A resonance of
the accelerometer coupled to the glass plate for 38 kHz could explain why the recorded
vibration lasts longer than the synthetic one (Figure 5f). This effect clearly appears on the
Fourier transform of the signal with a peak of energy around 38 kHz (Figure 5h). Using a
laser Doppler vibrometer that measures the exact surface vibration speed but with a much
lower sensitivity than the accelerometers, we determined that the resonance overestimates
the vibration energy by a factor of 4. To compensate this effect, we divide the measured
radiated elastic energy W, by this factor. On concrete, the synthetic is significantly
different than the recorded signal in terms of higher amplitude and frequencies (Figures
6f and 6h). The impact may be not completely normal to the surface owing to the surface
roughness, and this could reduce the energy on the normal component, as discussed later
in section 5. On marble, the frequencies of the measured signal are close to that of the
synthetic one but the amplitude is higher than in theory, probably because side reflections
arrive before the end of the first arrival (Figures 6e and 6g). This has no consequence on

the estimation of the radiated elastic energy W, for this block because we use the diffuse
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method [equation (43)]. Note that the peaks of energy for f > 50 kHz in the synthetic
spectrum on the concrete and marble block are not visible in the recordings, because the

accelerometers are not sensitive in this frequency range (see Appendix B).

4.3. Experimental Test of the Analytical Scaling Laws

4.3.1. Radiated Elastic Energy

Regardless of the bead material, the measured radiated elastic energy W, on the PMMA
and glass plates matches well with the theoretical energy Wi predicted in equation (23)
for an elastic impact, with Cpe = 1.21 (Figure 7). For the smallest and the largest
beads investigated, however, the data points separate from the theoretical line and the
discrepancy can reach a factor of 5. This is clearer for steel beads (Figures 7c and 7g)
and for glass beads on the glass plate (Figure 7e).

On blocks, the theory predicts that W o mV/ (equation (24) and Table 1). The
experimental data of beads impacts on the concrete and marble blocks follow qualitatively
this law (Figure 8). In most of the experiments, however, the measured energy W, is lower
than in theory. Moreover, on concrete, the measured radiated elastic energy W,; separates
from the theoretical trend for the smallest and the largest beads investigated (Figures 8a,
8b and 8c). The discrepancy with the theory on Figures 7 and 8 is interpreted in the
discussion.

Surprisingly, the elastic energy W, radiated by the impacts of granite gravels follows

13/5

5/31/5 on plates (Figures 7d and 7h) and in mVi*/® on blocks

well the scaling law in m
(Figures 8d and 8h). The measured energy W, is however smaller than in theory, by a
factor of 2 on plates and up to 10 times smaller on blocks. The experiments with gravels

show that Hertz’s analytical model of elastic impact, established for spheres, can also
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describe at first order the impact dynamics of impactors with a complex shape. As a
consequence, we expect that it may also be applied for natural rockfalls.
4.3.2. Characteristics Frequencies

We compute the mean frequency feqan and the bandwidth A f using equations (25) and
(26), respectively (Figure 9). Note that the seismic signals generated by bead impacts in
our experiments contain much higher frequencies (1 Hz - 100 kHz) than those recorded
for natural rockfalls (1 Hz - 50 Hz) [e.g. Deparis et al., 2008; Hibert et al., 2011]. This is
because the bead diameters are in average smaller than the diameter of natural boulders,
that could be from a few millimeters to a few meters large. In addition, the sampling
frequency is much higher and high frequencies are much less attenuated in our experiments
than on the field.

On the glass plate, as the accelerometers are not sensitive to frequencies larger than
50 kHz, the frequencies computed with these sensors saturate to about 40 kHz for the
smallest beads i.e., the smallest impact durations 7. (black crosses on Figures 9c and
9d). Therefore, the accelerometers type 8309 are used only for the impacts that generate
energy below 50 kHz. For the signals of higher frequencies, we use in parallel piezoelectric
ceramics (MICRO-80, Physical Acoustics Corporation) sensitive between 100 kHz to 1
MHz. These last sensors can however not be used to quantify the radiated elastic energy
W, since they are not very sensitive to frequencies lower than 100 kHz.

Regardless of the bead material, the frequencies of the signals generated by impacts
on PMMA, glass and marble collapse well within £20% with the theoretical scaling laws
of Table 2 as a function of the duration of impact 7. (Figures 9a to 9d, 9g and 9h).

The agreement is better for the frequency bandwidth Af than for the mean frequency
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fmean- The agreement is also very satisfactory for the granite gravels of complex shape,
even though the theoretical values of the frequencies were computed using Hertz’s impact
model for a sphere (see section 2.2.2).

In concrete, the wavelength cg/f =~ 1 cm for frequencies around 40 kHz, which is of the
order of the size of the heterogeneities. High frequencies f > 40 kHz are therefore strongly
attenuated during wave propagation in this block. This could explain the discrepancy with
the theory for these frequencies on Figure 9e.

4.3.3. Estimating Impact Properties from the Seismic Signal

We use equations (27) to (30) with the coefficients for an elastic impact Cppre = 1.21
and Choerr = 0.02 to retrieve the mass m and the impact speed V, of the impactors in
our experiments. The agreement with the real values is correct, within a factor of 2 for
the mass m (Figure 10a) and within a factor of 3 for the impact speed V, (Figure 10b),
both on smooth thin plates and rough thick blocks. For impacts of rough gravels on the
two plates, the predicted values are still close to the real ones, with a factor of 1.5, even
when inelastic dissipation occurs. The underestimation of m and V, in certain cases is
consistent with the aforementioned discrepancy of the radiated energy W, with theory
(Figures 7 and 8).

It is therefore possible to have an estimation of the mass m and the impact speed
V. of an impactor on a plate and on a block from the characteristics of the generated
seismic signal, with less than an order of magnitude from the real values, using only Hertz
[1882]’s analytical model of elastic impact. This method only requires to know the elastic

parameters of the involved materials.
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4.4. Energy Budget of the Impacts

Inelastic losses during an impact can reduce the energy radiated in the form of elastic
waves W, compared to that predicted by Hertz [1882]’s model (see section 2.2.1). This
may explain part of the discrepancy observed between the measured radiated elastic energy
W, and its theoretical value W on Figures 7 and 8, and consequently between the values
of the masses m and speeds V, inverted from seismic signals and their real values on Figure
10. In order to interpret these discrepancies, we establish in this section an energy budget
of the impacts.

For that purpose, we compare on Figures 11 and 13 the measured radiated elastic energy
W, (empty symbols) with the total energy lost during the impact AFE,, estimated with
the coefficient of restitution e (full symbols). The difference AE, — Wy, is likely lost in
inelastic processes, such as viscoelastic dissipation or plastic deformation. This allows us
to establish an energy budget of the impacts (Figures 12 and 14).

Furthermore, we also compare the measured radiated energy W, with the theoretical
one — noted W red line on Figures 11 and 13 —, predicted by the scaling law in Table
1 for an elastic impact, with Cpae = 1.21 and Cioer = 0.02, respectively. Note that
on plates, we take into account the dependence of Cpqe coefficient to Az parameter for
large beads (see section 2.1.1.2 and Figure 2a). The corrected theoretical elastic energy
on plates is noted Wetlh’ on Figure 11. The discrepancy with theory is discussed in section

5.1.

4.4.1. Energy Budget on Smooth Thin Plates
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On smooth thin plates, the energy AFE, lost by the bead during an impact is mostly
radiated in elastic waves (W) or dissipated by viscoelasticity during the impact (W)
(Figures 11 and 12).

More energy is radiated in elastic waves as the bead mass m and the ratio of the bead
diameter d on the plate thickness h increase, regardless of the elastic parameters (empty
symbols on Figures 11 and 12). For the smallest beads investigated, only 0.1% to 0.3%
of the impact energy F. is radiated in elastic waves. In contrast, the impact energy E.
can be almost entirely converted into elastic waves when the bead diameter d is greater
than the plate thickness h (Figure 11c). For large beads, the measured ratio of Wy /E.
is close to the theoretical ratio W4 /E, (full red line on Figure 11), but diverges as the
bead diameter d decreases.

We adjust the viscoelastic parameter D in equation (35) to match the theoretical ex-
pression of the lost energy ratio AE./E, = Wgﬂ /E.+Wiyise/ E. (thick green line on Figure
11) with the variation of 1 — e? (full symbols). The agreement is found to be the best for
values of D ranging from 35 ns to 580 ns (Table 5).

The adjustment of D with experimental data allows us to quantify the viscoelastic
energy Wy (blue line on Figure 11). More energy is lost by viscoelastic dissipation
as the bead mass m and the ratio d/h decrease and this is almost the sole process of
energy loss when the bead diameter d is smaller than 0.2h (Figure 12). The transition
from a viscoelastic impact towards an elastic impact is observed for the critical mass
me ~ 8D \/m, as predicted in section 2.3.2 (at the crossing between the red and blue
lines on Figure 11). Interestingly, a bouncing bead loses less of its initial energy E. for

masses m close to the critical mass m..
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For the largest beads of glass and steel, some energy is likely lost in plastic deformation
of the softer material involved (Figure 12). As a matter of fact, we observed small inden-
tations on the surface of the plates after the impacts of these beads but not for polyamide
beads.

Note that the energy budget is very different for impacts of rough gravels on the same
plates. Indeed, the ratio W,/ E, is 3.3%+1.8% regardless of the gravel mass m. Moreover,
about 33% =+ 17% of the initial energy is lost in translational energy of rebound and
13% £ 11% is converted into rotational energy of the gravel. As a matter of fact, half of
the gravel’s initial energy is in average lost in plastic deformation. (see Appendix C for
more details).

4.4.2. Energy Budget on Rough Thick Blocks

On the rough thick blocks, the energy budget is very different than on the smooth
plates (Figures 13 and 14). Indeed, a much smaller proportion of energy seem to be
lost in elastic waves and in viscoelastic dissipation. The rest is likely dissipated by other
processes such as plastic deformation, adhesion or rotational modes of the bead owing to
surface roughness.

The measured radiated elastic energy W, represents only from 0.01% to 2% of the
impact energy F., regardless of the bead mass m (empty symbols on Figure 13). Theory
predicts that the ratio Wi'/E, is independent of the mass m (red line). However, the
measured ratio W/ E, slightly increases with bead mass m on concrete and decreases on
marble for different reasons explained in the discussion.

Contrary to plates, it is difficult here to determine what proportion of the lost en-

ergy AFE, is dissipated by viscoelasticity and what proportion is lost in other processes.
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However, one remarks that 1 — e?

increases when the mass m decreases (full symbols
on Figure 13). This variation may be due to viscoelastic dissipation which is stronger
when the bead mass m decreases [equation (35)]. We make the strong assumption that
the percentage of energy lost in other processes Wper/E. is constant and independent
of the bead mass m. We then adjust the viscoelastic coefficient D (Table 5) to fit
AE./E.= W% /E, + Wyise/ E. + Wosner/ E. (thick green line on Figure 13) with the vari-
ation of 1 — e? (full symbols). This allows to quantify the energy W, lost in viscoelastic
dissipation (blue line).

In the case where no other energy losses than elastic waves radiation or viscoelastic
dissipation occur, we predicted that the ratios W, /AE. and Ws./AE, should increase
and tend towards 100% when the mass m increases and decreases, respectively [equations
(38) and (39)]. Here, elastic waves radiation and viscoelastic dissipation follow the same
dependence on the mass than that predicted but represent respectively from 0.03% to
5% and from 2% to 40 % of the lost energy AE, only (Figure 14). For impacts on rough
substates as the two blocks investigated here, but also on the field, it is therefore important
to take into account the energy Wope, lost in other processes. In our experiments, this
energy seems to be an increasing percentage of the lost energy AE,, from 50% to more
than 99%, as the bead mass m increases (Figure 14).

4.4.3. Evaluation of the Energy Budget for Natural Rockfalls

The energy budget of impacts on rough blocks in our laboratory experiments can be
used to extrapolate that of natural rockfalls. On the field, the impactors masses varies
from a few grams to a few tons and drop heights varies from a few centimeters to several

tens of meters. Owing to strong energy dissipation in such complex media, only impacts of
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large masses can be detected by seismic methods. Viscoelastic dissipation should therefore
be negligible in most situations encountered on the field. For example, we can estimate
the energy lost in viscoelastic dissipation for a granite gravel of m = 100 g impacting the
ground with impact speed V, = 10 m s™! using equation (35) with the coefficient D = 80 ns
of glass, which has similar properties than granite, and a typical Young’s modulus E, = 10
MPa for the ground [Geotechdata.info, 2013]. Tt results that the viscoelastic energy W
represents only 0.04% of the impact energy E., which is negligible. Moreover, it should
be even smaller for larger masses m. The energy W, dissipated in plastic deformation
of the ground or of the impactor is expected to be much more significant on the field
than in our laboratory experiments and even more so when the mass m increases because
large stresses are applied on damaged materials with a low yield stress. For such impacts
with a rough contact, the energy Wpy.s:, in addition to other energy lost in rotation and
translational modes of the impactor, should then represent almost all of the lost energy
AFE. (see Appendix C). Consequently, the ratio of the radiated elastic energy over the lost
energy W /AE, may not exceed a few percents. For example, for impacts of beads on
the rough concrete block, for which plastic deformation is significant, the ratio W /AE.

seems to saturate to 2% £ 1% for m ~ 1 g and then decreases (Figure 14a).

5. Discussion

5.1. Discrepancy from Hertz’s Model

The characteristic frequencies of the signal generated by an impact do not significantly
deviate from Hertz [1882]’s prediction when the impact is inelastic (Figure 9). On the
contrary, in some experiments, the measured radiated elastic energy W, diverges from

that (noted W) given by the scaling laws in Table 1 (Figures 7 and 8). As a consequence,
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the masses m and speeds V, retrieved from the measured signal in our experiments using
the elastic model deviate from their real values (Figure 10). Let us discuss here the
observed discrepancy.

5.1.1. Small Bead Diameters

On smooth thin plates, for small bead diameters, viscoelastic dissipation is the major
energy loss process (Figure 12). For a steel bead of diameter 1 mm impacting the glass
plate, using equation (19) with D = 35 ns (see Table 5), the coefficient Cy,s. is found to be
equal to 1.15 instead of 1.21 for an elastic impact (see Figure 2a). Thus, the viscoelastic
impact theory predicts that the radiated elastic energy W' should be only of 5% smaller
than for an elastic impact, which is negligible compared with the observed difference of
73% (Figure 7g).

The major source of discrepancy is probably due to the fact that our sensors are band
limited up to 50 kHz. Indeed, for the 1-mm bead, 50% of the radiated energy is in theory
higher than 50 kHz (see Appendix B). The remaining 23% may be lost in adhesion of the
bead on the plate during the impact. In addition, some energy may be lost in electro-
staticity or capillarity, which are greater for the smallest beads [Andreotti et al., 2013].
The discrepancy is totally explained by the limited bandwidth of the accelerometers for
a steel bead of diameter d = 2 mm on the glass plate: about 30% of the energy is over
50 kHz and the measured energy W, is 35% smaller than W' (Figure 7g). Similarly, on
concrete, for a steel bead of diameter d = 2 mm, the theory predicts that only 17% of
the radiated elastic energy is below 50 kHz. As a consequence, the measured energy W,
represents only 17% of the theoretical energy Wi (Figure 8c). For greater bead diameters,

both measured and theoretical energies are contained below 50 kHz and the agreement
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with elastic theory is better (Figures 7 and 8). In contrast, on marble the radiated elastic
energy is closer to the theory for the smallest beads (Figures 13d to 13f). For small bead
diameters, less wave reflections occur within the block and the measured energy may
therefore be overestimated because the diffuse field is not completely set [Farin et al.,
2015].

This emphasize the importance for future applications to use seismic sensors sensitive
in the widest frequency range as possible. In cases where we can not measure the highest
frequencies of the seismic vibration generated by an impact, note that it is possible to
retrieve the momentum mV, of the impactor from the low frequency content of measured
amplitude spectrum (see Appendix D).

5.1.2. Large Bead Diameters

On smooth thin plates, the divergence of the measured radiated elastic energy Wy, from
the theoretical one W' for large bead diameters is partly compensated when we take into
account the decrease of the coefficient Cjue when the parameter Ay increases (Figures
2a and 11). However, in some experiments, W, is still smaller than the theory when the
bead diameter d is larger than the plate thickness h (Figures 1lc, 11d and 11f). This
difference may be due to plastic deformation which is more likely to occur for the largest
beads investigated.

5.1.3. Impacts with a Rough Contact

Two complementary effects can explain the discrepancy of the measured radiated elastic

energy with theory for impacts of spherical beads on the two rough blocks and for impacts

of gravels (Figures 7d, 7h and 8).
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First, plastic deformation is a likely cause for measuring a smaller radiated elastic energy
than in theory on the blocks. If Py /P, = 0.6 in the elasto-plastic model, the radiated
elastic energy predicted in Table 1 is two times smaller than for an elastic impact because
the coefficient Choer = 0.01 instead of 0.02 (Figure 2b). This factor of 2 corresponds to
that observed between the measured energy W,; and the theoretical one W for impacts of
glass and steel beads on the concrete block (Figures 8a and 8c). Measuring the discrepancy
of the radiated elastic energy from elastic theory could then be a mean to estimate the
dynamic yield strength Py of a material. For example, for a steel bead of diameter d =5
mm dropped from height H = 10 cm on concrete, the maximum stress is Py ~ 300 MPa
and, if Py /Py = 0.6, the dynamic yield strength would be Py ~ 180 MPa, which is greater
than the typical values of Py for concrete [20-40 MPa, The Engineering Toolbox, 2014]
but of the same order of magnitude.

An additional process can accommodate the discrepancy. If a spherical bead impacts a
rough surface or as a gravel impacts a flat surface, the equivalent radius of contact may
be smaller than the radius of the impactor (Figure 15). Table 1 shows that the radiated
elastic energy W,; increases with the impactor radius R as R® on plates and as R on
blocks. Then, if the radius of contact R is only 1.15 smaller on plates, the theoretical
radiated elastic energy W, is two times smaller, and this explain the discrepancy observed
for gravels on the plates (Figures 7d and 7h). On blocks, if the effective radius of contact R
is 2.1 times smaller, the radiated elastic energy W,; is 10 times smaller, that could explain
the small energy values measured on the marble block (Figures 8e to 8h). The radius of
contact R should be even smaller when gravels impacts the rough blocks and the radiated

elastic energy W, is then smaller (Figures 8d and 8h). By comparison, the characteristic
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frequencies fiean and Af are inversely proportional to the radius R (because T. x R)
and are therefore less affected by a change in this radius than the radiated elastic energy
Wy This is visible on Figure 9 because the frequencies of the signal emitted by gravels
are close to that of spherical beads.

As the effective radius of contact decreases for a given mass m, the stresses are con-
centrated on a smaller area during the impact and plastic deformation is more likely to
occur (see Appendix C). Interestingly, even though the energy lost in plastic deformation
is very important for impacts of gravels and on the rough blocks, the measured radiated
elastic energy W, and frequencies f,can and Af still follow well the scaling laws in mass
m and impact speed V, predicted using Hertz’s model of impact of a sphere on a plane
(Figures 7, 8 and 9). Therefore, we expect that Hertz’s model should be still valid at
first order on the field and, consequently, that the radiated elastic energy W,; should be
proportional to mV2*? and that the characteristic frequencies feqn and Af should be
proportional to 1/T, oc m™/ 3V./° The problem is however to determine the coefficients
of proportionality in these relations because they depend on the rheological parameters
of the impactor and the ground (Table 1), on the fact that is impact is elastic or inelastic
(Figures 2 and 3) and on the roughness of contact, which are each extremely difficult to
estimate practically. A solution may be to calibrate the coefficients of proportionality of
these relations on a given site by dropping some boulders of known mass m and estimat-
ing their impact speed V,. Once calibrated, these laws can be inverted as in section 2.2.3
and used to retrieve the masses m and impact speeds V, of other rockfalls on the same

site from the generated seismic signals. The advantage of this method is that it is not

necessary to know the elastic parameters of the ground. Even so, energy attenuation as a
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function of frequency during wave propagation within the substrate need to be evaluated

in order to correct the measured signals.

5.2. Errors on the Estimation of the Masses and Impact Speeds

Here we comment the errors on our estimation of the impactors masses from measured
seismic signals in Figure 10. These errors are greater than that of Buttle et al. [1991]
who managed to size sub-millimetric particles in a stream with a standard deviation less
than 10%. However, their estimations were based on the impact force and duration on
the direct compressive wave, measured at the opposite of the impact on the target block.
Practically, this method is difficult to apply on the field because seismic stations are at
the surface. Furthermore, the force and duration of the impact are more complicated
to estimate from the seismic signal than the radiated elastic energy and the frequencies
because it requires a deconvolution process that induce additional errors [e.g., McLaskey
and Glaser, 2010]. Our method has the advantage to be not intrusive and in principle

exportable to field problems.

5.3. Application to Natural Rockfalls

Dewez et al. [2010] conducted field scale drop experiments of individual basalt boulders
on a rock slope in Tahiti, French Polynesia. The main objective of this study was to
estimate hazards associated with rockfalls in a volcanic context. Boulders trajectory was
optically monitored using two cameras with 50 frames per seconds. A photogrammetry
technique then allowed the authors to compute the position of each boulder in time with
an error smaller than the boulder radius [Dewez et al., 2010]. In parallel, the seismic signal

generated by boulders impacts on the ground was recorded with a sampling frequency of
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100 Hz by a board band seismometer type ST'S located a few tens of meters away. Here
we want to observe how the elastic energy radiated by boulder impacts scales with the
boulder’s mass and speed in this natural context.
5.3.1. Comparison of Field Measurements with Hertz’s Prediction

The waves generated by the impacts propagate in a very damaged and complex medium
that may involve several layers of different density. In this medium, viscous attenuation
of energy can be very strong, especially for high frequencies. For example, waves of
frequency 100 Hz only propagate in the first centimeters or meters deep below the surface.
Knowing the attenuation as a function of frequency, and assuming some sensitivity /
noise level for the sensor, it is possible to correct for this attenuation for all frequencies
where the amplitude is above the noise level. The corrected amplitude spectrum should
then be equivalent to the emitted spectrum, assuming that all the frequencies have been
recorded. The attenuation of energy as a function of frequency can be evaluated, for
example, by measuring the signal emitted by a given impact at different distances, as we
did in our laboratory experiments [Farin et al., 2015]. Unfortunately, no estimation of
the attenuation has been conducted in this field study. We therefore assume a classical
attenuation model of energy with distance r and multiply the measured signals by the
factor exp (y(f)r), with v(f) = nf/Qcr [Aki and Richards, 1980]. We use the quality
factor @ = 10, which is of the order of the values obtained by Ferrazzini and Aki [1992]
in the similar context of Kilauea volcano in Hawai.

We first focus on the seismic signals emitted by the impacts of a boulder of mass m = 326
kg at 7 ~ 30 m from the seismometer (Figure 16a). The signals have a short duration

~ 0.8 s and are impulsive, as the ones generated by bead impacts (e.g., Figure 6¢). The
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impacts excite a frequency range from ~ 10 Hz to 40 Hz (Figure 16b). Most of the
recorded seismic spectra lies between 10 Hz and 20 Hz with a peak frequency fpeqar =~ 15.5
Hz, a mean frequency fean =~ 18.4 Hz and a bandwidth A f ~ 18.3 Hz (Figures 16b and
16¢).

We compare the measured spectrum with a synthetic amplitude spectrum predicted
by Hertz [1882]’s theory of impact using equation (2). The Green’s function used in the
computation depends on the excited mode. Deparis et al. [2008], Dammeier et al. [2011]
and Lévy et al. [2015] showed that rockfall events generate principally Rayleigh surface
waves. Rayleigh waves develop in far field, i.e. for kr >> 1, where k = 27 f/cg is the
wave number [Miller and Pursey, 1954; Gimbert et al., 2014; Farin et al., 2015]. In the
Piton de la Fournaise volcano, Reunion Island, where the ground has a similar structure
as in Tahiti, the phase speed cg is 800 m s~ [Hibert et al., 2011]. We use here the same
phase speed cg and estimate that kr >> 1 when the frequency f is greater than about 4
Hz. Since the recorded seismic energy is mostly between 10 Hz to 40 Hz, we can therefore
reasonably use the far field Green’s function of Rayleigh waves of equation (4) convolved
with Hertz [1882]’s impact force to compute the synthetic spectrum (Figure 16¢).

The characteristics of the impactor are R = 0.35 m, m = 326 kg and V, = 11 m
s7!. We assume a typical Young’s modulus E, = 10 MPa for a loose soil such that
observed on the slope [Geotechdata.info, 2013]. Hertz [1882]’s elastic theory then predicts
that the duration of impact should be T, ~ 0.035 s [equation (9)]. For Rayleigh surface
waves, the mean frequency should therefore be fycan = 1/T. ~ 28 Hz and the bandwidth

Af =0.6/T. ~ 17 Hz, which are close to the measured values (Table 2 and Figure 16c¢).
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The amplitude of the synthetic spectrum is similar to that of the measured spectrum
except around 15 Hz where a peak of energy is observed in the measured spectrum (Figure
16¢). The peak of energy may be due to a resonance around 15 Hz of the seismometer or
of the first sediment layers because it is observed on every measured spectra [Schmandt
et al., 2013; Farin, 2015]. The shape of the measured and synthetic spectrum is very
different. This may be due to plastic deformation, which is very important for impacts
on loose and fractured soil.

5.3.2. Elastic Energy Radiated by Boulders Impacts

Despite the discrepancy between the theory and the measurement, we observe how the
elastic energy W, radiated by the impacts of all boulders depends on the boulder mass
m and impact speed V,. The calculation of W, is based on the integration of the energy

flux over a cylinder surrounding the impacts [Hibert et al., 2011; Farin et al., 2015]:

+oo
W = drrhper / V(r, )P exp (4(F)r) 4, (44)

where h = ¢/ f is the Rayleigh wavelength and |V (r, f)[> = |Vx(r, f)> + |[Vi (r, f)|> +
|V (r, f)|? is the sum of the squared time Fourier transforms of the vibration speeds in
the three directions of space vx(r,t), vy(r,t) and vz(r,t), respectively. The coefficient
v(f) = 7f/Qcgr is the same than that used to compute the synthetic spectrum in the
previous section, with ¢z = 800 m s~! and Q = 10.

The nature of the contact between the boulder and the ground during the impact plays
a crucial role on the transfer of the seismic energy. Therefore, we separated the “hard”
impacts, occurring on outcropping rock, from the “soft” impacts, occurring on loose soil
or on grass (Figures 16d to 16g). The measured radiated elastic energy W, seems to be

proportional to the mass m as predicted analytically for impacts on thick blocks (Table 1
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and Figure 16d). This dependance is clearer for “soft” impacts. However, the measured
radiated elastic energy W,; does not scale well with the parameter mV2*® derived from
Hertz’s theory (Figure 16e). We adjust the power a of parameter mV* to obtain a better fit
with W,;. The best fit is observed for power a ~ 0.5, i.e. with a much weaker dependence
on the impact speed V, than in theory, with W,; V.95 rather than W, VZ13/ 5 (Figure
16f). The scaling law in V%5 may be biased because boulders systematically impacted
loose soil when they reached high speeds V, while they often impacted outcropping rocks
for lower speeds V.. The energy transfer is lower for “loose” impacts than for “hard”
impacts and this may then leads to the observed weaker dependence in V, (Figure 16g).
As a matter of fact, the mean ratio of the radiated elastic energy W, over the kinetic
energy AFE, lost during the impacts is one order of magnitude higher for “hard” impacts
than for “soft” impacts (Figure 16g). Interestingly, the ratio W, /AE, is between 107
and 107!, which is in agreement with the values observed by Hibert et al. [2011].

No clear dependence on m and V, was observed for the characteristic frequencies of
the signal fy,cqn and Af. These frequencies are between 10 Hz and 30 Hz, regardless of
the contact quality i.e., of the fact that the impact is “hard” or “soft” [see Figure 92 in
Chapter 4 of Farin, 2015].

An explanation for the discrepancy between observed and theoretical elastic energy W,
and for the fact that we did not observe any trend for the frequencies may be that we
can not record frequencies higher than 50 Hz because the sampling frequency is 100 Hz.
Impacts of boulders are expected to generate waves of higher frequencies. For exam-
ple, Helmstetter and Garambois [2010] dropped a boulder of similar dimensions on the

Séchilienne rockslide site in the French Alps. Seismic signals generated by the impacts
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were sampled at 250 Hz by several seismic stations located a few tens of meters away.
In the spectrogram of these signals, energy is visible up to 100 Hz. As we previously
observed in laboratory experiments, when we do not measure the highest frequencies of
the generated signal, the discrepancy between the theory and the measurement increases
(e.g. for small masses m in Figures 8a to 8c). An other possibility is that the factor
exp (y(f)r), with v(f) = 7 f/Qcgr, may be too simple to describe the wave propagation is
such a damaged medium. Indeed, multiple modes with different dispersion relations can
be excited in different frequencies range in such layered media. However, the data are not
sufficient to determine how wave disperse and attenuate within the ground on this specific
site.

Owing to the large scattering of the seismic data, it is difficult to neither validate
nor invalidate the applicability on the field of the analytical scaling laws developed in this
paper. However, this study highlights several challenges that need to be addressed in order
to be able to retrieve the impacts parameters in future seismic studies of boulder impacts.
If the radiated elastic energy or the characteristics frequencies of the emitted signals are
underestimated, this will lead to either overestimate or underestimate the masses and
impact speed, as evidenced in our laboratory experiments (Figure 10). Therefore, one
should measure as much as possible the entire energy spectrum emitted by the impacts
and, to do so, use a high sampling frequency, ideally greater than 3/T, (see section 2.2.2).
Moreover, because energy at high frequencies attenuate very rapidly in fractured media,
one should record the signal a close as possible from the impacts. Finally, one should have
a good knowledge of the elastic properties of the impactor and the ground in the vicinity

of the impact, as well as within the ground i.e., its how it disperses and attenuates the
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frequencies. This could be achieved using several seismic stations recording at different

distances from the source.

6. Conclusions

We developed analytical scaling laws relating the characteristics of the acoustic signal
generated by an impact on a thin plate and on a thick block (radiated elastic energy, fre-
quencies) to the parameters of the impact: the impactor mass m and speed before impact
V. and the elastic parameters. These laws were validated with laboratory experiments of
impacts of spherical beads of different materials and gravels on thin plates with a smooth
surface, which is an ideal case, and on rough thick blocks, which are closer to the case of
the field. Viscoelastic and elasto-plastic dissipation occurred in the range of masses and
impact speeds investigated. In these experiments, the radiated elastic energy is estimated
from vibration measurements, independently of the other processes of energy dissipation.
A number of conclusions can be drawn from our results:

1. The impactor mass m and speed V, can be estimated from two independent pa-
rameters measurable on the field of the seismic signal: the radiated elastic energy and a
characteristic frequency, using equations (27) to (30). The estimations of m and V, are
close to the real values within a factor of 2 and 3, respectively, even when the impactor
has a complex shape. If the radiated elastic energy is underestimated (respectively, over-
estimated) by a factor of 10, the mass m and the impact speed V, are underestimated
(respectively, overestimated) by a factor of 1.5 and 2, respectively. We noted that the
radiated elastic energy is smaller when the surface roughness increases because the ra-

dius of contact is smaller. However, the signal characteristics measured during impacts of
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rough impactors on rough surfaces follows well the scaling laws established for impacts of

spherical beads on a plane surface.

2. We also established a quantitative energy budget of the impacts on the plates and

blocks investigated and we estimated what should be this budget for naturals rockfalls:

(i) On the smooth plates, elastic waves and viscoelastic dissipation are the main
processes of energy losses. Viscoelastic dissipation is major for impactors of diameter
less than 10% of the plate thickness while elastic waves radiation represents only from
0.1% to 0.3% of the impact energy. When the bead diameter increases, the energy lost in
viscoelastic dissipation decreases while the energy radiated in elastic waves increases. For
beads of diameter larger than the plate thickness, almost all of the energy is radiated in

elastic waves.

(ii) On the rough blocks, elastic dissipation represents only between 0.03% and 5%
of the lost energy. In contrast, energy lost in other processes such as plastic deformation
increases with the bead mass from 50% to more than 99% of the lost energy because of
surface roughness. The energy dissipated in viscoelasticity decreases from 50% to 2% of

the lost energy as the bead mass increases.

(iii) Most of the energy lost during a natural rockfall should be dissipated in plastic
deformation or in translational or rotational modes of the impactors. Plastic or in general
irreversible dissipation reduces the energy radiated in elastic waves and is difficult to
quantify. That said, regardless of the impactor mass and speed, the energy radiated in
elastic waves may not be more than a few percent of the impact energy. Energy lost in
viscoelastic dissipation should be negligible in the range of masses detected by seismic

stations on the field.
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The impacts experiments with rough impactors on rough substrates demonstrated that
Hertz’s model can be used to describe at first order the dynamics of an impact when the
contact surface is not plane. Thus, we expect that the simple analytical relations derived
in this paper between the characteristics of the impact and that of the emitted signal can
allow us to better understand the process of elastic waves generation by impacts on the
field. The major limitation for estimating the impact properties from the signal on the
field would certainly be the fact that a great part of the radiated energy is lost in high
frequencies during wave propagation in highly fractured media. Therefore, we encourage
future seismic studies of rockfalls to record signals as close as possible to the impacts and
to use a high frequency sampling. In addition, it is important to correct measured seismic
signals from wave dispersion and attenuation within the substrate. If these conditions are
fulfilled, the scaling laws derived in this study should provide estimates of the order of
magnitude of the masses and speeds of the impactors. Finally, in addition to direct field
applications, the scaling laws developed for plates can be also useful in the industry as a
non-intrusive technique to estimate the size and speed of particles in a granular transport

and in shielding problems.
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Appendix A: Demonstration of the Analytical Scaling Laws for the Radiated

Elastic Energy

The objective of this Appendix is to demonstrate the analytical scaling laws showed in
Table 1 for the radiated elastic energy W, as a function of the impactor’s mass m and
speed V. for thin plates and thick blocks.

The radiated elastic energy is defined by:

W= [ Imwvata =2 [ 1RGP (A1)

o
with ffel( f) the radiation admittance, that has a different expression on thin plates and

on thick blocks.

A1l. Thin Plates
On thin plates, Y,;(f) is independent of frequency f and is given by:

1

8v/Bpyh’

where B is the bending stiffness and p, and h are the plate density and thickness, respec-

Y, = (A2)

tively.

Therefore,

2 +o0
! %%/ g(t)Par, (A3)

W =
' 8 /Bp,h V-

with t* = §,0t/V, and where g(t*) is the shape function represented on Figures 1b and lc.

[e.e]

The integral in this equation is noted Cpqe and depends on the inelastic parameters o«
and Py /P, i.e., of the fact that the impact is elastic, viscoelastic or elasto-plastic (Figures

2a and 2b). For an elastic impact, Cpare = 1.21.
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Developing Fy and 9, as functions of the impact parameters using their expressions in

equations (5) and (8), respectively, we get:

F§o.0 A\ (5\%° ~1/15 _—1/15 p%2/5, 5/31,11/5
v _(g) 1 ™ py P ETPmV (Ad)

Finally, equations (A3) and (A4) give the scaling law relating the radiated elastic energy

W, to the impact parameters on thin plates:
Wel = alcplatem5/3‘/zll/57 <A5)

with a; ~ 0.18E*2/5/(p;/15\ /Bp,h).

A2. Thick Blocks
On thick blocks, the radiation admittance Y, (f) was computed in time Fourier domain

by Miller and Pursey [1955]:

V() = 2501 (A6)

3
PpCp

where £ = /2(1 — 1,)/(1 — 2v,), cp is the compressive wave speed and §3 is the imaginary

part of

/ Nﬁi , (A7)

with fo(z) = (222 — €%)? — 4a?/(22 — 1)(22 — €2) and X, a real number greater than the
positive real root of fy. The coefficient 5 depends only on the Poisson’s ratio v, (Figure
17, see the Appendix of Farin et al. [2015] for details on the computation of /3).

Therefore,

4m€iB F2V,

3
PpCp 020 Jo

+oo
We = Fla(fPdsf, (A8)

with f* =V, f/d,0 and §(f*) is the time Fourier transform of the function g(¢*) represented

on Figures 1b and 1c. We note Cy,e the integral in this equation. Cpyoer depends on the
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inelastic parameters a and Py /Py (Figures 2a and 2b). With an impact force F,(t) given
by Hertz [1882]’s elastic theory i.e., for « = 0 and Py /Py = 1, we have Cyoer = 0.02.

If we develop Fy and 0, as functions of the impact parameters, we get:

F2V, 4 (5\"°
((; ) — g <Z) 7T_1/5p;1/5E*6/5mVZ13/5. (A9)

Finally, inserting equation (A9) into equation (A8) we obtain the analytical expression of

the radiated elastic energy W, on thick blocks:
Wel = a2cblockm‘/z13/57 (AlO)

with the coefficient ay ~ 15.93¢48E"/5 /(p,ps/°c3).

Appendix B: Cumulative Distribution of Energy

In this Appendix, we show how the radiated elastic energy radiated by impacts is
distributed over the frequencies.

The cumulative distribution of the radiated elastic energy shows that impacts generate
signals with higher frequencies as the bead diameter d decreases, regardless of the structure
(Figure 18). It is clear that the sensors used in our experiments do not measure energy for
frequencies higher than 50 kHz. This is not a problem for impacts on the PMMA plate
and for beads of diameter d larger than 5 mm because all of the radiated elastic energy is
in theory below 50 kHz (Figure 18a). However, for impacts of beads of 1 mm in diameter
on glass, concrete and marble, more than 50% of the energy is for frequencies higher than
50 kHz (Figures 18b to 18d). Some of the radiated energy may not be measured for the
smallest beads investigated. Note that for experiments on the glass plate and on the

concrete and marble blocks, the profile of the cumulative energy is steep and saturates
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to a given frequency f = 38 kHz, f ~ 30 kHz and f = 40 kHz, respectively, as the bead

diameter d decreases (Figures 18b to 18d).

Appendix C: Influence of the Impactor Shape on the Energy Budget

In this Appendix, we investigate the energy budget of impacts of gravels on the glass
plate.

When a spherical bead is dropped without initially speed and rotation on a smooth sur-
face it rebounds almost vertically and without spin. In contrast, a rough gravel rebounds
to a much smaller height and can reach a large horizontal distance x with a high rotation
speed w,. up to about 400 rad s~*, depending on the face it lands on (Figure 19a). For these
complex impactors, the kinetic energy converted in translational and rotational modes is
therefore not negligible. The translational kinetic energy of rebound is £/ = %mV’2 where
V' = V!/u, + V/u, is the rebound speed in the cartesian frame (0,u,,u.). V! ~ 0 cm s7*
for spherical beads but varies from 5 cm s™* to 40 cm s™! for gravels. The rotation energy
is B, = $Iw?, where I is the moment of inertia of the gravel, given by I = 2mR? if we
assume that the gravel is spherical with an equivalent radius R. From camera recordings,
we estimate that 32% +17% of the impact energy F. is converted into translational energy
of rebound E! and that 13% £ 11% is converted into rotational energy F,,. Regardless of
the shape and mass m of the gravel, less energy is converted into translational energy FE.
as its rotates faster after the impact (Figure 19b). The percentage of energy radiated in
elastic waves W, /E, is 3.3% + 1.8% and seems independent of the energy converted in
translation energy E’/FE. or in rotational modes E, /FE. (Figures 19c and 19d).

In section 4.4.1, we adjusted the inelastic parameter D on the variation of the coefficient

of restitution e to estimate the energy lost in viscoelastic dissipation (Figure 12). This
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is not possible for gravels because of the large dispersion in the results. As granite has
similar elastic properties than glass, we assume that D is the same than for glass beads
impacts on the glass plate i.e., D = 80 ns (see Table 5). Therefore, the viscoelastic
dissipation W,;,. for impacts of gravels on the glass plate may represent 3.7% + 1% of E..
The rest of the energy (48% + 14%) is lost to deform plastically the gravel and or the
glass plate. This is therefore the main process of energy dissipation for gravels impacts.
The proportion of energy radiated in elastic waves W, /E. seems to decrease when
more energy is lost in plastic deformation (Figure 19e), which is in agreement with the

elasto-plastic model (Figure 2a).

Appendix D: Determining Impactor Momentum from Low Frequencies

In some experiments on Figure 10, the estimations of m and V, are affected because
the highest frequencies of the generated vibration are not measured by the sensors or
because of a resonance. The purpose of this Appendix is to show that we can use the low
frequencies content of the signal to estimate the momentum mV, of the impactor.

For frequencies f ~ 0 Hz, we assume as Tsai at al. [2012] that the impact duration T,
is instantaneous relative to the frequencies of interest. The time Fourier transform F'(f)

of the Hertz [1882] force F'(t) then becomes constant in frequency:

F(f):/ OoF(t)eXp(—ift)dtw/ OOF(t)dt. (D1)

where, if we normalize the force F'(t) by its maximum value Fy and time ¢ by the impact

duration T, and develop their respective expressions [equations (9) and (10)],

/ " Pt ~ 2mv (D2)

—00
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The amplitude spectrum of the vibration acceleration can then be approximated by

[Aki and Richards, 1980]:
[Au(r, = 0)| ~ 2mVe (2 )G, £)]. (D3)

Using the expression of the Green’s function |G..(r, f)| given by equations (3) and (4)

on plates and blocks, respectively, we show that:
|AZ<T7 f — 0)‘ ~ afba (D4)

( B )5/8 and b = 3/4 on plates and a ~ 100mV, 52 W\/ 2757{)

with T3(wo)

and b = 5/2 on blocks.

In order to determine the momentum mV, of a steel bead of diameter 5 mm dropped
from height 10 cm on the glass plate and on the concrete block, we adjust the power law
(D4) with the measured spectra |A(r, f)| for frequencies f < 10 kHz (Figure 20). The

-1

obtained momentum is mV, ~ 6.9.107* kg m s~! on glass plate and mV, ~ 6.33.10~*

! on the concrete block, which is in good agreement with the real momentum

kg m s~
mV. ~ 6.85.107% kg m s~!. Finally, if either m or V, is known, this method can be used

to estimate the other parameter.

Notation
cp, cg  Compressional and
Rayleigh waves speed

(ms™)
D Viscoelastic coeffi-

cient (s)
d, R Bead diameter and

radius (m)

DRAFT September 11, 2015, 6:01pm DRAFT



FARIN ET AL.: CHARACTERIZATION OF ROCKFALLS FROM SEISMIC SIGNAL X -59

FE,. Initial kinetic en-

ergy (J)
E, E,, v, v, Young’s modulii (Pa)

and Poisson’s coef-

ficients
of the sphere and

the plane
E*  Equivalent Young’s

modulus (Pa)

e Coeflicient of resti-

tution (-)
F, F, Force and normal

force (N)
Fy, Py Maximum force and

stress of elastic im-

pact (N; Pa)
Frows Omae Maximum force and

penetration depth
of inelastic impact

(N)

f,w Frequency and an-

gular frequency (s7!)

fpeak7 fmeana Af Peak, mean fre-
quencies and band-

width (Hz)
g Acceleration of grav-

itation (m s72)

H Height of fall (m)
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h  Plate thickness (m)

K Parameter in Hertz
[1882]’s theory

k Wave number (m™1)

V' Volume (m?)

m  Mass (kg)

r Distance from the
impact (m)

T. Impact duration (s)

t Time (s)

u; Normalized vector

of the direction 7
v;, a; Vibration speed and

acceleration in the
direction u; (m

st m s72)

Sz
P

Time Fourier trans-
form of v; and a;,
respectively (m; m

s71)

V., V' Impact speed and

speed after rebound

(m ™)
vy, Uy Group and phase

velocities (m s™1)
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Wela AEC

th th'
Wi, W5

el

/
insca Wothem Ec, Ew

x7y72
Yq, Py
a

DRAFT

Radiated elastic en-
ergy and total en-

ergy lost (J)
Theoretical radi-

ated elastic energy

predicted by
Hertz [1882)’s and

Zener [1941]’s mod-

els (J)

Energy lost in vis-
coelastic  dissipa-
tion, in other pro-

cesses,
kinetic energy of

rebound and rota-

tion (J)

Coordinates in the
cylindric reference

frame of the block

(m)

Dynamic yield stress
and dynamic yield

strength (Pa)
Viscoelastic param-

eter (-)
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Ba 67 Cplatea Cblocka Cvisc

5Z7 5Z0

Az

Pss Pp

X> N

W

Coefficients involved
in energy calcula-

tion (-)
Attenuation coef-

ficient of energy

with distance (m™!)

Penetration depth
and maximum of
this depth during

the impact (m)
Zener [1941]’s pa-

rameter (-)
Densities of the

sphere and the plane

(kg m?)
Characteristic time

of energy attenu-
ation within the

structure (s)
Bulk and shear

viscosities (Pa s)
Rotation speed (rad

s71)
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Table 1. Scaling laws for the radiated elastic energy and the energy dissipated in viscoelasticity?

Plates Blocks
5/37,11/5 13/5
Wl alcplatem / ‘/2 a2Cblockm‘/z
e 5 ry11/10 3 r713/10
GBCplateR H / a4CblockR H /
2
insc Cviscm‘gz
a5cm'scR H
*2/5 43 F+*6/5
a) =~ 0181/157 Ao = 1593%
Ps Bpph PpPs Cp

as = (29)10(Gmps) e as = (29)"10gmpsan
as = 2g§7Tps
& Radiated elastic energy W, and energy W, dissipated in viscoelasticity for plates of

thickness h and blocks as a function of the impact parameters. The coefficients a; depend only
on the elastic parameters of the impactor and of the structure. The parameter [ is a function of
the Poisson’s ratio v, only (see Figure 17 of Appendix A). The coefficients Cpiure and Choer are

represented on Figure 2.

Table 2. Characteristics frequencies®

fmean Af
plates 0.75/T, 0.72/T.
blocks 1/7. 0.6/T,

& Theoretical mean frequency fy,can and bandwidth Af, as respectively defined by equations
(25) and (26), of the acoustic signal generated by an elastic impact on a thin plate and on a thick

block.

Table 3. Characteristics of the impactors used in experiments: density ps, Young’s modulus

E, Poisson’s ratio v, diameter d and mass m.

material Ps Es Vs d mn
(kgm™®) (GPa) -  (mm) (8)
glass 2500 74 02 1-20 13.103%-10
spherical beads polyamide 1140 4 04 2-20 6.107*—4.8
steel 7800 203 0.3 1—-20 4.1.1073—33
gravels granite 3600 60 027 =~4—-28 0.08—-18
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Table 4. Characteristics of the materials used in experiments?

. Pp E, vp ¥ T Vg Vg

material (kgm~®) (GPa) - (1/m) ()  (msh) (ms!)
kh <1 0.014 f1/6 a3 18.6f1% 93f172

glass gy o 20000 T 02 g e 38T 3100 3100
kh <1 1 0.09f~12 11.7fY% 58f12

PMMA 5 > 180 24 037 4 g 1073 23 0.15f72% 1400 1400

concrete - 2300 16.3 04 2.3.107°f 28f~1 1530 1530

marble - 2800 26 0.3  25.107°f 23.1f~1 1750 1750

@ Density p,, Young’s modulus E,, Poisson’s ratio v,, characteristic distance 1/ and time 7
of energy attenuation, group velocity v, and phase velocity v, (that depend on the frequency f
(in Hz)) [see the supplementary materials of Farin et al., 2015, for details on the measurement

of v and 7).

Table 5. Viscoelastic constant D (in ns)?

substrate PMMA glass concrete marble
glass 230 80 100 180
bead  polyamide 580 550 300 300
steel 190 35 200 200

2 Value of the viscoelastic constant D appearing in equation (19) and adjusted on experimen-
tal data for impacts of spherical beads of different material (rows) on the different substrates

(columns).
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Figure 1.
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(a) Schematic showing the penetration depth ¢, of a sphere of radius R on a plane

surface during an impact. Geometrically, the surface of contact is a circle of radius a. (b) and

(c¢) Normalized force of impact F,(t/ty)/Fy for (b) different values of the viscoelastic parameter

a (or Az for Zener [1941]’s theory; see section 2.1.1.2) and for (c) different values of the stresses

ratio Py /Py. Fy and to = T,./2 are respectively the force and the time at maximal compression

during an elastic impact i.e., for « = 0 and Py /Py = 1.
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Figure 2. (a), (b) and (c) Values of the constants (a) Cpiate, (b) Chioer and (c) Clise as a
function of the inelastic parameters « for a viscoelastic impact (or Az for Zener [1941]’s theory)

(green) and Py /Py for an elasto-plastic impact (red).
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Figure 3. Theoretical values of the (a), (¢) mean frequency fieqn and (b), (d) bandwidth A f
for (a) and (b) thin plates and (c¢) and (d) thick blocks, as a function of the inelastic parameters
a (green) and Py /P, (red). All frequencies are multiplied by Hertz [1882]’s impact duration 7,

to be dimensionless.
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Figure 4. (a) Scheme of the experimental setup. An impactor of diameter d is initially held
by a screw and dropped without initial speed or rotation on a hard structure of thickness h. The
height of fall H varies from 2 cm to 30 cm. The impact generates elastic waves, recorded by an
array of accelerometers. (b) Spherical beads of glass, polyamide and steel and granite gravels

used as impactors in the experiments.

DRAFT September 11, 2015, 6:01pm DRAFT



FARIN ET AL.: CHARACTERIZATION OF ROCKFALLS FROM SEISMIC SIGNAL X-75

PMMA plate Glass plate
N 1000 - | I B (@) & 2000
£ I L, E I
S ot (o
S-1000F P 52000
<" AU 1 ©
0 0.5 1.0 1.5
Time t(s) Time t(s)
S, 1000 H - firstimpact (c) %, 2000 first impact (d)
= r 1 € r exponential decrease
Z 0H ~:M/V\/\./\/\/V"\J\/"\zv~/\/~—vw/\~vw Z 0
S I 3 S I
\(;N-'I 000 [first arrival % reflectwlons — T“/N—ZOOO | . |
0 0.001 0.002 0.003 0 0.01 0.02 0.03
Time t(s) Time t(s)
C}"; 1000 |- first arrival (e) (\'1(; 2000 first arrival i (fA
£ € ol N aa Ll U]
= = I (VA4 Y \/ \/ \/ v \
= = !
o (UN_ZOOO N | . | Je—refiections*—|
v 0o |1 2 3 4x107™*
nstom |, Time £(s) s |, Time t(s)
—~ 0.04 —
o @) <> 0.08f (h)
= 002p = 0.04f
= E 0.02-
i oL . - ﬁ o—=/"—. . . 1=
0 50 100 0 50 100
Frequency f (kHz) Frequency f (kHz)
Figure 5. (a) and (b) Acceleration signal a,(r,t) generated by the successive impacts of a

steel bead of diameter d = 5 mm, dropped from height H = 10 cm on (a) the PMMA plate and
(b) the glass plate. The time of flight At between two impacts is equal to the duration between
two peaks. (c) and (d) Zoom on the signal of the first rebound, filtered below 100 kHz. The
coda envelope decreases exponentially with time in the glass plate (red line). (c),(e) and (f) The
first arrival is delimited by a red frame and the first reflections off the plate lateral sides arrive
at the right of the blue dashed line. The arrival time of the reflections is computed knowing
the wave speed and the distance between the sensor and the substrate sides. (g) and (h) The
time Fourier transform of the first arrival gives the amplitude spectrum |A,(r, f)| as a function
of the frequency f. The thick blue line in Figures (e) to (h) represents the synthetic signal and
pnplifRleTspectrum obtained bysepmweadion vf Ij@nf&[l@_&?fpmforce of impact with therGaegn's

function.
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Figure 6. (a) and (b) Acceleration signal a.(r,t) generated by the successive impacts of a
steel bead of diameter d = 5 mm, dropped from height H = 10 ¢cm on (a) the concrete block
and (b) the marble block. (c¢) and (d) Zoom on the signal of the first rebound, filtered below
100 kHz. The coda envelope decreases exponentially with time (red line). (e) and (f) The first
arrival is delimited by a red frame and the first reflections off the plate lateral sides arrive at
the right of the blue dashed line. The arrival time of the reflections is computed knowing the
wave speed and the distance between the sensor and the substrate sides. (g) and (h) The time
Fourier transform of the first arrival gives the amplitude spectrum |A.(r, f)| as a function of
the frequency f. The thick blue line in Figures (e) to (h) represents the synthetic signal and

amplitude spectrum obtained by convolution of Hertz [1882]’s force of impact with the Green’s
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Figure 7. Radiated elastic energy W, as a function of m®*3V2""® for impacts of (a)-(e) glass,
(b)-(f) polyamide and (c)-(g) steel beads and (d)-(h) gravels on (a) to (d) the PMMA plate and
on (e) to (h) the glass plate. The red line corresponds to the theoretical energy WP given in
Table 1 for an elastic impact i.e., with Cpate = 1.21. The black dashed line is a fit to the data
of the law W, = em®3Vi"® | with coefficient ¢ indicated in International System Units (SI). In

hdktAcdsel, this line collapses witRt$mPEFedrbticA? Ithe &GP Error bars on W, (E3B%) Eul

computed from £1 standard deviation on a series of 20 experiments and are symbols sized.
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Figure 8. Radiated elastic energy W, as a function of mVi*® for impacts of (a)-(e) glass,
(b)-(f) polyamide and (c)-(g) steel beads and (d)-(h) gravels on (a) to (d) the concrete block and
on (e) to (h) the marble block. The red line corresponds to the theoretical energy Wi given in
Table 1 for an elastic impact i.e., with Cyoer = 0.02. The black dashed line is a fit to the data of
the law W, = emV2®? | with coefficient ¢ indicated in International System Units (SI).
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Figure 9. (a), (c), (e) and (g) Mean frequency fean and (b), (d), (f) and (h) bandwidth Af

as a function of Hertz [1882]’s impact duration T, [equation (9)] for impacts of glass, polyamide
and steel beads and granite gravels on (a) and (b) the PMMA plate, (c¢) and (d) the glass plate,
feRapdr(fp the concrete block ageh{ahpar th) thotmarblohgck. The red line corrpsponds to
the theoretical prediction (Table 2) and the red dashed line in (e) is a fit to the data. The black
crosses on Figures (c¢) and (d) correspond to the frequencies of the signals generated by steel

beads measured with the accelerometers type 8309, that resonate around 38 kHz on the glass
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Figure 11. Ratio of the measured radiated elastic energy W, over the impact energy F, =
smV? (empty symbols) and measured lost energy ratio AE./E, = 1 — ¢* (full symbols) as a
function of bead mass m and of the ratio of the bead diameter d on the plate thickness h for
impacts of (a)-(d) glass, (b)-(e) polyamide and (c)-(f) steel beads on (a) to (c) the PMMA plate
and on (d) to (f) the glass plate. The red dashed line corresponds to the theoretical ratio W/ E,
with W in equation (23) for an elastic impact i.e., with Cpae = 1.21. The red full line is the
energy ratio Wg" /E. corrected with Cpue dependence on parameter Az, the blue line is the
RiRoblEtE energy ratio W,/ FeRERBRRA 135))2%4@ 18 QPR green line is the theoPeficAl fost

energy ratio, which is the sum of W' /E, and W/ E..
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Figure 12.  Percentage of the total energy lost in elastic waves Wy /AE, (red full line), by
viscoelastic dissipation W;s./AE, (blue dashed line) and by other processes We,/AE. (orange
dotted line) as a function of (a)-(c) the bead mass m and (b)-(d) the ratio of the bead diameter d
over the plate thickness h for impacts of glass (circles), polyamide (triangles) and steel (diamonds)

beads dropped from height H = 10 cm on (a)-(b) the PMMA plate and on (c)-(d) the glass plate.
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Figure 13. Ratio of the measured radiated elastic energy W,, over the impact energy F, =
smV? (empty symbols) and measured lost energy ratio AE./E, = 1 — ¢* (full symbols) as a
function of bead mass m for impacts of (a)-(d) glass, (b)-(e) polyamide and (c)-(f) steel beads
on (a) to (c) the concrete block and on (d) to (f) the marble block. The red line represents
the theoretical ratio W'/E, with W in equation (24) with Cheer = 0.02. The blue line is
the viscoelastic energy ratio W/ FE. [equation (35)]. The dashed green line is the theoretical
lost energy ratio W4/ E, + Wse/ E.. The thick green line is the same ratio plus the percentage
Wther/ Ee of energy lost in other processes, which is assumed independent of the bead mass m
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Figure 14. Percentage of the total energy lost in elastic waves W /AE, (red full line), by
viscoelastic dissipation W;s./AE, (blue dashed line) and by other processes W/ AE, (orange
dotted line) as a function of the bead mass m for impacts of glass (circles), polyamide (triangles)

and steel (diamonds) beads dropped from height H = 10 cm on (a) the concrete block and on

(b) the marble block.
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Schematic of the contacts between a sphere and a rough surface and between a

rough gravel and a flat surface.
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Figure 16.
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(a) Vertical vibration speed v, (r,t) generated by two successive impacts of a

boulder of mass m = 326 kg on the rock slope. (b) Spectrogram of the signal in (a).

shape represents higher energy (normalized). The black lines highlight the triangular shape of
the spectrograms. (c) Amplitude spectrum |V, (r, f)| for the first impact, with the peak fpear and
i fF. T, frequencies and the ISepdeimdidr AL, [ROHed Bndlppnthetic spectrum comPuBed with
the convolution of Hertz [1882)’s force of elastic impact with the Green’s function of Rayleigh
waves. (d) to (f) Radiated elastic energy W, for different boulders documented in Tahiti as

a function of (d) the mass m and of parameters (e) mVi® and (f) mV95, with associated
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Figure 17. Coefficient 5 defined by equation (A7) as a function of the Poisson ratio v,,.
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Figure 18. Cumulated radiated elastic energy W™ ! for the impact of steel beads of different
diameters d (different colors) on (a) the PMMA plate, (b) the glass plate, (c) the concrete
block and (d) the marble block, as a function of frequency f. Full line: experiments, dashed
line: synthetics obtained with the convolution of the Green function with Hertz [1882]’s force of

elastic impact.
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Figure 19. (a) Different rebound trajectories followed by the same gravel of mass m = 0.23
g dropped from height H = 10 cm several times on the glass plate (full lines) and one rebound
trajectory followed a spherical bead of diameter d = 4 mm dropped from the same height H
(dashed line). Gravels of different masses m (different symbols) are dropped without initial spin
from height H = 10 cm on the glass plate. (b) Translational kinetic energy E’ of the gravels
after rebound as a function of their rotation speed w, after rebound. (c) to (e) Percentage of
impact energy lost in elastic waves W,/ E, as a function of the percentage of the impact energy
E. converted (c) in rebound translational energy E’, (d) in rotational energy F,, and (e) in plastic

deformation Was;.
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Figure 20. Measured amplitude spectrum |A,(r, f)| (black line) and synthetic spectrum (thick
blue line) for the impact of a steel bead of diameter 5 mm on (a) the glass plate and (b) the
concrete block. The blue dashed line is the power law approximation for low frequencies of the
synthetic spectrum. The red dashed line is an adjustment of the low frequencies content of the

measured spectrum with the power law.
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