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Le test de pénétration du cône
! Principe : mesurer la force nécessaire pour enfoncer un cylindre avec une 

pointe conique dans un matériau

! Très utilisé en mécanique des sols, 
utilisé depuis 1930 pour caractériser la 
stratigraphie du manteau neigeux, 
principalement à des fins de prévision 
d’avalanche.

! Mesure objective d’une propriétés 
mécaniques très sensible aux propriétés 
structurelles (densité, ponts, etc.) et 
thermiques (teneur en eau liquide) des 
couches

! Test « simple » compatible avec des 
mesures terrain
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Plan de la présentation

▪ Différents pénétromètres

▪ Caractérisation de la variabilité du manteau neigeux

▪ Inversion du profil de résistance à l’enfoncement vers 
des propriétés microstructurelles
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Différents pénétromètres

Snow 
surface

Hammer

Drop height

Penetration 
depth

Measuring tip 
! = 40 mm

Tubes 
1 to 3 m

Ramsonde

Weight: 3 kg 
Price: 500 !
Instrument size : 55x10x10 cm3 
Measurement duration: 600 s

Motor

Measuring tip + 
force sensor 
! = 5 mm

Ski pole

Digital recorder/
controller

1.6 m

SMP

Snow 
surface

Manual push

Infrared 
sensor

IR sensors

Measuring tip + 
force sensor 
! = 5.44 mm

Digital recorder/
controller

1.47 m

Low cost digital 
penetrometer 

(SP2)

Snow 
surface

Weight: 0.5 kg 
Price: 1500 !
Instrument size : 40x5x5 cm3 
Measurement duration: 10 s

Weight: 7 kg 
Price: 35 000 !
Instrument size : 150x20x20 cm3 
Measurement duration: 120 s

Drawbacks: 
Low vertical resolution 
Low force resolution 
Time consuming

Drawbacks: 
Price, fragility and size
Drawbacks: 
very low accuracy 
no more production 
hardware company on sale
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Quantification de la variabilité spatiale du manteau 
neigeux (collab. M. Teich, Utah State University)

▪ Question : comment les attaques de scarabée (bark beetle) peuvent affecter 
les fonctions de protection passive des forêts contre les avalanches ?

Photo: Mike Jenkins

Where: Alps, France
What: Picea abies
Who: Ips typographus

Where: Tatra Mountains, Slovakia
What: Picea abies
Who: Ips typographus

Where: Rocky Mountains, Colorado, USA
What: Pinus contorta
Who: Dendroctonus ponderosaeSource: fivepointfove.blogspot.com

Where: Sierra Nevada, California, USA
What: Pinus ponderosa & lambertiana
Who: Dendroctonus brevicomisSource: www.sfgate.com

Photo: Mike Jenkins

Bark beetles attack mountain forests
(Teich et al., 2018)

▪ Hypothèse : un manteau homogène le long de la pente est plus propice à la 
formation d’avalanche (continuité de la structure de plaque)

▪ Question spécifique : quelle est l’influence de la présence de scarabées sur 
la variabilité spatiale du manteau neigeux?

The Snow Micro Pen (SMP)

Source: www.slf.ch

• measures 
penetration 
force

• every 4 µm

• from 
0.01 to 41 N

• to a depth 
of 1.2 m

(Teich et al., 2018)
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Quantification de la variabilité spatiale du manteau 
neigeux (collab. M. Teich, Utah State University)
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Quantification de la variabilité spatiale du manteau 
neigeux (collab. M. Teich, Utah State University)

(R2= 0.70; p < 0.001), and in 2016 (R2= 0.77; p < 0.001). No
linear correlations were found either between Ta1 and V or between N1
and V (variables in the 2015 best-fit LMM) as well as between Ta3 and V
or N3 and V (variables in the 2016 best-fit LMM).

4. Discussion

4.1. Effects of spruce bark beetle infestation on forest snowpack

Our first hypothesis that, following spruce bark beetle infestation,

the spatial variability in snow stratigraphy decreases gradually from a
more heterogeneous snowpack to a more homogeneous snowpack
amonggreen to gray stage to salvage-logged spruce forest stands, is not
supported by our findings. The variability in snow stratigraphy (quan-
tified by the similarity metrics intra-set variability V and distance D)
that we observed in winters of 2015 and 2016 over 10- and 20-m
transects, did not differ significantly between green and gray stage
Engelmann spruce forest stands. However, the snowpack in both stands
was significantly more heterogeneous compared to the snow strati-
graphy that developed in salvage-logged and non-forested areas. This
heterogeneous layering of subcanopy snowpack translates to disrupted
and discontinuous snow layers and weaknesses, and is the main reason
why slab avalanche release from dense healthy forest is inhibited
(Gubler and Rychetnik, 1991; Schneebeli and Bebi, 2004; Schneebeli
and Meyer-Grass, 1993). We found that the percentage of canopy cover
(out of all tested forest and weather variables) was the main predictor
that influenced the spatial variability in subcanopy snow stratigraphy.
Heterogeneity in snow stratigraphy increased with increasing forest
canopy cover. The method we used to determine the presence of canopy
did not depend solely on the presence of needles, but included addi-
tional canopy elements such as branches and twigs. That is, the spatial

Fig. 10. Evolution over time of intra-set variability V calculated for transects
sampled at GREEN, GRAY, HARVEST, and MEADOW study plots in A) 2015
(Transects 1 to 8), and B) 2016 (Transects 1 to 7, Table A1).

Table 4
Model formulas, AICc, marginal R2 (R2m), and conditional R2 (R2c) for the three best-fit models selected for 2015, 2016, and for both years combined.
Year Model formula* AICc*** R2m**** R2c****

2015** V f CANOPY{ (1| PLOT)}= + −70.9 0.61 0.71
and V f CANOPY{ HS (1| PLOT)}= + + −70.4 0.63 0.71
2016 V f CANOPY{ HS N3 T 1 (1| PLOT)}a= + + + + −70.0 0.65 0.73
2015 V f CANOPY T N{ 1 1 (1| PLOT)}a= + + + −37.3 0.67 0.87

V f CANOPY T{ 1 N1 HS (1| PLOT)}a= + + + + −36.5 0.69 0.88
V f T{CANOPY 1 HS (1| PLOT)}a= + + + −36.2 0.71 0.85

2016 V f CANOPY T N{ 3 3 (1| PLOT)}a= + + + −38.1 0.82 0.82
V f CANOPY{ (1| PLOT)}= + −36.8 0.77 0.77
V f CANOPY T N{ 1 T 3 3 (1| PLOT)}a a= + + + + −35.6 0.82 0.82

V=intra-set variability; CANOPY=percentage of canopy cover per transect; HS=mean height of the snowpack; N3= accumulated precipitation 1 to 3 days prior
to measurements; Ta1= average air temperature 1 day prior to measurements; N1= accumulated precipitation 1 day prior to measurements; Ta3= average air
temperature within a 3-day period prior to measurements;ΔTa3= average air temperature difference between 1 and 3 days prior to measurements; PLOT=plot
categories GREEN, GRAY, HARVEST and MEADOW; the parentheses indicate the term is a random effect (re), all other terms are fixed effects; (1|re) indicates that the
intercept was allowed to vary randomly. Parameters are listed in order of importance.
* Parameters in bold have significant coefficients (p < 0.05).
** Modeling YEAR as additional random effect (1|YEAR) did not enhance model fit.
*** Akaike’s information criteria (Akaike, 1973) with small sample bias adjustment (Hurvich and Tsai, 1989).
**** See Nakagawa and Schielzeth (2013).

Fig. 11. Intra-set variability V plotted against percentage of canopy cover for
transects measured at GREEN, GRAY, HARVEST and MEADOW plots in 2015
and 2016. The R2- and p-values are for the linear regression model that only
includes percentage of canopy cover as explanatory variable. Regression line is
shown for the significant linear relationship between canopy cover and V.

M. Teich, et al. )RUHVW�(FRORJ\�DQG�0DQDJHPHQW���������������²���

���

▪ Résultat : 
▪ la variabilité spatiale du manteau neigeux croit avec le couvert forestier.
▪ l’impact des scarabées se traduit par une diminution du couvert forestier 

sans effet propre marqué.
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Inversion du signal de résistance (PhD I. Peinke)

• measures 
penetration 
force

• every 4 µm

• from 
0.01 to 41 N

• to a depth 
of 1.2 m

Source: Proksch et al. (2015)

low-density new snow dense melt refrozen 
structure

medium-density depth hoar 
crystals

Penetration force (N)
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The Snow Micro Pen (SMP)
(Proksch et al., 2015)

▪ Question : comment exploiter les fluctuations de résistance à l’enfoncement 
pour remonter à des informations sur la microstructure de la neige ?
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Inversion du signal de résistance (PhD I. Peinke)

! Modèle existant = shot noise model by Löwe and van Herwijnen (2011):
! force = la somme de ruptures indépendantes
! ruptures distribuées aléatoirement selon une loi de Poisson (lambda)
! ruptures identiques, élastiques fragiles (f0, delta)
! (lambda, f0, delta) constant par morceau

profile F (z) (Fig. 3).172

Figure 3: Simulated force penetration profile obtained as the superposition of uniform elastic brittle

events (inset) whose number of occurrence follows a homogeneous Poisson distribution. Here, �=0.1 mm,

f=0.1 N, and �z is linear increasing with depth as �z(z) = a�z + b� with a� = 40 mm
�2

and b� =

50 mm
�1

.

Homogeneous Poisson process (HPP)173

Assuming that the intensity �z is constant over depth and equal to �, Löwe and174

Herwijnen [29] derived analytical expressions directly linking the stochastic cumulants175

and correlation function of the SMP profile F to the micromechanical properties �, f and176

�. In particular, they obtained the following relations:177

n(z) =
fn��
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where n is the cumulant of order n (e.g. 1 is the mean, 2 is the variance) and C is178

the two-point correlation function. This process with a constant intensity �z(z) = �, is179

called henceforth homogeneous Poisson process (HPP). Note that the formalism of the180

Poisson processes implies constant event characteristics, i.e. � and f are constant (or in a181

constant distribution). The assumption of a constant intensity also implies stationarity of182

F (z), and thus enables to compute the stochastic cumulants and correlation function as183

“depth” cumulants and correlation function (ergodicity). In practice however, measured184
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Inversion du signal de résistance (PhD I. Peinke)

! Modèle proposé
! zone de compaction se forme progressivement 

en pointe du cône (~40 mm)
! augmentation progressive de la force bien que 

les propriétés des ponts soient constantes
! nombre de rupture n’est plus nécessairement 

constant avec la profondeur
! -> modèle de Poisson non homogène

penetration profiles are rarely stationary with depth even for homogeneous snow layers185

[19]. This di�culty is overcome by splitting the profile in smaller windows where the186

assumption of stationarity remains valid [e.g. 36]. It is observed on simulated HPPs that187

better results are obtained with larger windows [29]. Therefore, a balance between large188

windows that are stochastically representative, and small windows on which the profile189

can be considered stationary, needs to be found. Typical window sizes �z of 1 to 5 mm190

are reported in the literature [e.g. 29, 36, 37]. Note that, in practice, the correlation191

function C is also generally computed on detrended profiles (i.e. the mean and linear192

trend are subtracted on each window) [e.g., 29, although not shown therein].193

Non-homogeneous Poisson process (NHPP)194

As shown in Fig. 2, the penetration force measured in our experiments displays strong195

changes with depth. The profiles were limited to a depth of 35 mm due to the modified196

design of the SMP tip. As explained in Sect. 2.2, the snow structure exhibited a rather197

homogeneous vertical profile. We can thus reasonably assume that the microstructural198

properties � and f are constant over the entire depth, while only the number of events,199

thus the intensity �z, varies with depth. This depth variation of �z can be related to200

the build-up of the compaction zone in front of the tip. We thus propose to analyze our201

measured µCPT profiles as a non-homogeneous Poisson process (NHPP), with a variable202

intensity �z, instead of a homogeneous Poisson process (HPP).203

We describe here the main steps of the mathematical developments. Details can be204

found in Appendix B. Let us consider F (z) as a NHPP characterized by an elastic brittle205

event fz, whose properties f and � are assumed to be constant with depth and a number of206

events in a Poisson distribution of intensity �z(z). Assuming that the relative variations207

of �z(z) over an interval of length � are negligible, it can be shown that:208

n(z) =
fn��z(z)
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Equation (4) is identical to Eq. (3) obtained by Löwe and Herwijnen [29], but with �z(z)209

instead of a constant intensity �. However, F cannot anymore be assumed stationary,210

and therefore its cumulants and correlation function cannot be computed directly from a211

single force profile F (z). We thus define eF as:212

eF =
F � 1(F )

1(F )1/2
(5)
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Inversion du signal de résistance (PhD I. Peinke)

! Evaluation sur une expérience de frittage
! Neige à gros grains fins (RGlr)
! Après tamisage, SMP pour t entre 0.5 et 24h sur plusieurs échantillons
! Sur ce type de neige, uniquement une évolution de l’adhésion entre ponts

Figure 5: Estimated micromechanical properties derived from the µCPT profiles measured on the samples

after a rest time of 24 hours: (a, c) microscopic rupture force f , (b, d) deflection at rupture �, and (e,

f) intensity �z , as computed by the HPP (a, b, c) and NHPP (d, e, f) models. The shaded area around

the curves represents the standard deviation of the values obtained for the di↵erent profiles measured at

one sampling time.

Figure 6: Vertical profile of the macroscopic force F for di↵erent sintering times, measured on sample

SSA18a.

In line with previous studies [e.g. 19, 28], the time evolution of the depth-averaged303

15
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Inversion du signal de résistance (PhD I. Peinke)

Figure 8: Vertical profiles of the micromechanical properties estimated by the NHPP model on sample

SSA18a for di↵erent sintering times. The shaded area around the curves represents the standard deviation

obtained for the di↵erent profiles at one sampling time.

Figure 9: Time evolution of the micromechanical properties estimated by the NHPP model. The sig-

nificant (resp. non-significant) power law fits are represented by the solid (resp. dotted) lines, with

corresponding parameter indicated in legend. The horizontal error bars represent the time error (around

10 minutes) due to non instantaneous sample preparation.

law exponent of the microscopic rupture force are dependent on grain size.348

4. Discussion349

Due to a limited sample height of 35 mm, the presented µCPT profiles exhibit a350

non-stationary regime due to the progressive build-up of a compaction zone in front351

of the cone tip. To properly account for this feature and to estimate micromechanical352

properties from the µCPT profiles, we proposed a non-homogeneous Poisson shot noise353

model (NHPP). This approach follows up on the ideas of Löwe and Herwijnen [29], who354

described the fluctuating penetration force as a homogeneous Poisson shot noise process355

(HPP) with a single event described as an elastic-brittle rupture. We showed, under the356

assumption that the relative variations of intensity over an interval of size � are small,357

that the analytical expressions for the cumulants and the correlation of the macroscopic358

18

! Résultat : partition de l’évolution verticale et temporelle en
! hétérogénéité verticale expliquée par l’évolution de lambda (nombre de 

cassure / par pas d’enfoncement) -> cohérent avec la formation d’une zone 
de compaction en pointe de cône

! évolution temporelle portée uniquement par l’évolution de f0 (force à la 
rupture des contacts) -> cohérent avec le frittage de grains dont la forme 
n’évolue pas.
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Inversion du signal de résistance (PhD I. Peinke)

! Perspectives (voir soutenance I. Peinke)
! champ de déformation en pointe de cône
! expériences couplées tomographie / SMP : taille des ponts explicite

Peinke et al. Penetration test in snow measured by tomography

Figure 5. Comparison between the computed post-density and the measured post-density for the three
snow samples: RG (lite rose), RGlr (dark rose) and DH (blue). indicate density units

Figure 6. Measured andaveraged density change (left side) and displacement field (right side) around
a CPT for two snow types: a) Rounded Grains Quel sample?, b) Depth Hoar. The contours show the
compaction zone and deformation zone around the tip. With movement inside the cylinder of not ? See in
appendix if we should take other graphs

were accounted for if more than 30% of the grains is the corresponding volume are found. A mettre dans270
methode ou dans la figure. The mean sizes of the CZ and DZ (Tab. 5) were taken next to the shaft at each271
height of a grid point pas clair, eventuellement afficher la zone sur Fig. 6 ?). We took not into account the 4272
grid points close to the surface. For sample PP1, we did not track enough grains to derive the deformation273
zone. Sample RGlr2 showed an upwards-movement in the whole cylinder. It is likely that the DZ touched274
the ground and lead to a general upwards-movement. Therefore, no DZ can be determined.275

Frontiers 11
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Conclusion
▪ Différents pénétromètres:

▪ Réseau vivo-météo : sonde de battage robuste faible résolution
▪ Recherche : SMP fragile, haute résolution
▪ Entre : rien de satisfaisant

▪ Caractérisation de la variabilité du manteau neigeux
▪ SMP : test rapide répétable, compatible terrain
▪ Méthode avancée pour quantifier variabilité

▪ Inversion du profil de résistance à l’enfoncement vers des propriétés 
microstructurelles
▪ Etat de l’art = shot noise
▪ Découplage évolution propriétés ponts et évolution nombre de rupture
▪ Evaluation indirecte sur frittage : ok
▪ Evaluation avec tomographie : en cours
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Merci de votre attention

Questions
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Annexe




