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Abstract

Snow sintering is investigated at microscopic and macroscopic scales with high-resolution
cone penetration tests. In a cold room at -10°C, vertical profiles of penetration force
were measured periodically during 24 hours using the SnowMicroPenetrometer in four
snow samples, which differed only by their grain sizes. We estimated the evolution of
snow micromechanical properties, namely the bond rupture force, the deflection at rup-
ture and the number of ruptures per penetration increment, by applying a statistical
analysis to penetration profiles. The upper part of the profiles is transient due to the
progressive formation of a compaction zone in front of the cone tip. In order to explicitly
account for this process in the statistical analysis, we used a non-homogeneous Poisson
shot noise model which considers a depth dependency of the rupture occurrence rate. On
simulated transient profiles, this analysis is shown to provide accurate estimates of the
micromechanical properties. On our experimental data, the method effectively revealed
that the vertical heterogeneity of penetration force was essentially due to variations of
the rupture rate. Conversely, the time evolution of the macroscopic force was mainly due
to microstructural bond strengthening. Both macroscopic force and bond rupture force
followed a power law with an average exponent of 0.27 and 0.29, respectively. On our
samples, a higher exponent for larger grains was observed on the microscopic bond force,
while no trend with grain size was visible in the exponent characterizing the macroscopic

force evolution.
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1. Introduction

Snow on Earth exists at a relative high homologous temperature. Once deposited on
the ground, snow thus remains very active thermodynamically and its structure changes
continuously. One process of this metamorphism is sintering, i.e. the creation and growth
of bonds between snow particles [1]. The sintering has long been recognized to significantly
affect the evolution of snow mechanical properties, generally in the form of a progressive
strengthening of the material [2, 3], and manifests over a wide range of time scales: from
sub-second sintering (e.g. for cornice formation [4]) to hourly time scales (e.g. for fracture
healing [5]), to weekly-monthly time scales (e.g. for seasonal snowpack evolution [6]), and
up to centuries (e.g. for the formation of glaciers and ice sheets, [7]) . Sintering thus
plays an important role, for instance, in avalanche formation [5, 8], in snow management
practices such as grooming in ski resorts [9], or in building an igloo.

Sintering is driven by the reduction of surface energy and, depending on environmen-
tal conditions, can involve different mechanisms: viscous flow, plastic flow, evaporation,
condensation, volume diffusion, and surface diffusion [e.g. 10]. The first studies to identify
the driving mechanisms of sintering were conducted in metallurgic powders [e.g. 11, 10].
Kuczynski [10] decomposed the neck growth between metallic particles into different pro-
cesses and modeled the neck size evolution as a power-law:

(2) - 29 1)

Tg Tg

where r, denotes the particle radius, ry is the neck radius, and F(T) is a temperature
dependent parameter. The exponents n and m depend on the active sintering process:
(n =2, m = 1) for viscous or plastic flow, (n = 3, m = 2) for evaporation and conden-
sation, (n = 5, m = 3) for volume diffusion and (n = 7, m = 4) for surface diffusion.
This formalism was then used to understand the neck growth between ice spheres [e.g.
12, 13, 14]. Hobbs and Mason [14] considered that Kucynzski’s model was not directly
applicable to ice, particularly for vapour transport. Applied to ice, they found values of

n=5and m = 3 in Eq. 1 for the sintering process corresponding to vapour transport. In
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their experiments on ice spheres of diameters between 50 and 700 pm and at temperatures
between -3 and -20°C, they also found that the dominant mechanism for ice sintering is
evaporation-condensation and that the diffusion process plays only a minor role. Maeno
and Ebinuma [15] revisited the different mechanisms contributing to ice neck growth and
concluded that vapour transport from a surface source is the major mechanism in most
natural and laboratory conditions, while surface diffusion dominates only for small neck
radii and either high (> 0.95) or low (< 0.85) homologous temperatures. Chen and Baker
[16] showed on high resolution images that the evolution of a neck between two ice spheres
is primarily due to the direction and rate of water vapour transport. In addition to grain
size and temperature dependence, sintering mechanisms in snow were also shown to be
controlled by contact pressure and grain shape [e.g. 17, 1].

While previous studies have provided valuable insight into the physics of snow sin-
tering in simplified geometries, namely ice spheres, quantitative data on natural snow
sintering remained rather scarce, as recalled by [18, 19]. Indeed, many studies have in-
vestigated the general evolution of the snow microstructure with time under different
temperature and loading conditions [e.g. 20, 21, 22, 23] but only a few ones have focused
on the specific evolution of bond size without any other changes of the microstructure
(e.g. grain shape evolution, settlement). Ramseier and Sander [24] measured the influence
of temperature on the strengthening of natural snow with mechanical compression tests.
They observed faster strengthening in compression for higher temperature. Similarly,
Matsushita et al. [25] observed a more active sintering with higher snow temperatures
and higher normal loads caused by overlying snow. Montmollin [26] observed a regen-
eration of destroyed bonds under shear deformation for low deformation rates, which
highlights the competition between bond re-welding by sintering and bond failure during
deformation. Herwijnen and Miller [19] used a SnowMicroPenetrometer (SMP, [27]) to
measure sintering through the time-evolution of the penetration force in different snow
types (for times up to 5 — 8 hours). Podolskiy et al. [28] developed mechanical shear
tests to investigate the effect of isothermal sintering on interface strengthening at various
normal pressures. These latter authors [19, 28] proposed to represent the time-evolution

of macroscopic force or strength as a power-law:

F(t) = F(t =tg) <t> aF (2)
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with F' the force or strength, ¢ the time and ap a sintering exponent. Typical sintering
exponents for seasonal snow are reported in the range between 0.07 and 0.36, as reviewed
by Podolskiy et al. [28]. In their experiments, Podolskiy et al. [28] measured an average
exponent of 0.21+0.08, and observed that higher pressures applied during sintering tend
to increase this exponent. Herwijnen and Miller [19] derived a mean sintering exponent of
0.1840.05, and observed lower sintering rates for low-density snow (consisting mostly of
dendritic grain morphologies) compared to higher density snow. They hypothesize that
this relation is the result of two competing processes: (1) bond creation and growth and
(2) bond vanishing due to the metamorphism of dendritic forms into compact rounded
particles. In parallel, they simulated the microscopic bond-to-grain ratio for simplified
spherical ice grains and observed a power-law growth with the same average exponent as
that derived from the experiments. Based on this agreement, they suggest that the mean
macroscopic penetration resistance closely relates to the microscopic bond-to-grain ratio
in snow.

In spite of the advances described above, direct and concurrent measurements of
sintering exponents at both microscopic and macroscopic scales in snow, are still lacking.
Accordingly, the precise relation between bond growth, at the microscopic scale, and
increase in mechanical strength or resistance at the macroscopic scale, largely remains to
be elucidated. In this study, we use micro-cone penetration tests (uCPT) to investigate
snow sintering at both macroscopic and microscopic scales. Here, the microscopic scale
corresponds to the grain scale of about tenths of millimeters and the macroscopic scale
corresponds to the sample scale of about a few centimeters. pCPT measurements were
conducted with a modified SMP on thin snow samples during 24 hours after snow sieving
in a cold room at -10°C. In parallel to the macroscopic penetration force, micromechanical
properties, including the bond rupture force, are estimated through an extension of the
shot noise model introduced for snow by Lowe and Herwijnen [29]. In the first section, we
present the experimental setup and models required to derive micromechanical properties
from the penetration profiles. The models are first evaluated on simulated penetration
profiles. The penetration profiles measured on the samples evolving with sintering are
then analyzed at the macroscopic and microscopic scales. Finally, the outcomes in terms

of pCPT processing techniques and knowledge on snow sintering are discussed.
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Table 1: Physical properties of the snow samples used in this study.

Sample name Snow type Sieve size Grain size SSA Density

(mm) (m)  (mPkgl)  (kgmd)
SSA18a RGIr 0.8 0.7 17.940.3 500+2
SSA18b RGlr 0.8 0.7 17.940.3 50042
SSA14 RGIr 1.0 0.9 14.04+0.3 496+2
SSA10 RGIr 1.6 1.5 10.440.1 484+3

2. Material and Methods

2.1. Snow samples

We prepared four snow samples with a snow type characterized as large rounded
grains (RGlr, Fierz et al. [30]). The samples were prepared at a controlled temperature
of -104+0.5°C by sieving about 35 mm height of snow into rectangular boxes of size
300 x 400 mm. In order to get samples with different grain sizes, the rounded grains were
sieved using various sieve sizes (Tab. 1). Two samples with a sieve size of 0.8 mm (samples
SSA18a and SSA18b) one sample with a sieve size of 1.0 mm (sample SSA14), and one
sample with a sieve size of 1.6 mm (sample SSA10) were prepared. The samples showed
densities of about 500 kg m~3, grain sizes between 0.7 and 1.5 mm and specific surface
areas (SSA) ranging between 10 and 18 m? kg=!. Density was measured by weighing
50 cm® sub-samples extracted with a cutter. SSA was measured using an optical method
(DUFISSS, Gallet et al. [31]) at different heights and different horizontal locations to
characterize spatial variability. The vertical variability of SSA was found of the same
order as the horizontal one (typically, the standard deviations were less than 1 m? kg=1).
Grain size was estimated with microscope images (magnification by a factor of 32) of the

grains.

2.2. Micro-penetration tests in sintering snow

In the following 24 hours after the sieving, a total of 31 micro-cone penetration tests
(uCPT) (4 to 5 measurements for 7 different times) were conducted in each sample.
This high number of measurements enables to take into account the spatial variability of

the sample due to the sieving procedure [e.g. 19]. To avoid interference in neighboring
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penetration tests, we kept a distance of 40 mm between the measurements. To avoid
effects of the lateral walls, no measurement were performed closer than 40 mm to the
walls.

The pCPTs in this study were conducted with a modified version of the SnowMi-
croPenetrometer (SMP version 4, [27]). The SMP is a high-resolution penetrometer,
which consists of a conical tip with a 60° apex angle and a maximum diameter of 5 mm,
driven into the snow by a motor with a constant speed of 20 mm s~!. The depth and
force sensors record measurement points at a sampling frequency of 5 kHz, i.e. every
4 pm penetration increment. The SMP measures the snow resisting force applied to the
cone tip only and not to the rod. The modification of the SMP for this study consisted in
lengthening the apex by 40 mm (Fig. 1). This lengthening of the apex was motivated to
prevent the rod of the SMP to penetrate in the sample, and thus influence the measured
force through the formation of a rod-induced compaction zone (CZ). LeBaron et al. [32]
measured the CZs around a split-axis SMP probe that has the same geometry as the
SMP (tip and rod), and found significantly larger CZs than in the study of Herwijnen
[33], who analyzed of the CZ around the SMP tip without the rod. Given the size of our
snow samples, we wanted to avoid any potential impact of the rod, and account only for
the CZ due to the tip. Note that side-by-side measurements performed with the original
and modified SMP versions showed essentially identical penetration profiles, as long as
the rod of the original SMP does not touch snow (Appendix A).

As a typical example, Figure 2 shows uCPT profiles measured after a rest time of
24 hours on sample SSA18a. Single profiles present high frequency fluctuations and large
vertical variations (Fig. 2a). Even though the sieving procedure may induce a limited
vertical heterogeneity of the snow sample [e.g. 19], vertical profiles of SSA did not reveal
any significant vertical variations (standard deviations were less than 1 m? kg~!). Based
on the study of Podolskiy et al. [28], we can also argue that pressure exerted by overburden
snow is unlikely to explain this vertical heterogeneity. The overburden pressure at a depth
of 35 mm was estimated about 0.2 kPa, and these authors showed no significant increase
of the sintering rate for normal loads lower than 0.5 kPa.

We thus argue that the vertical heterogeneity in the pCPT profiles is mainly caused
by the interaction between the snow and the pCPT tip. The increase of the penetration
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Figure 1: Experimental setup: (a) photo and (b) scheme of the modified tip.

force up to a depth of about 5 mm is due to the progressive penetration of the conic
apex into the sample. The increase of force for depths between 5 and 25 mm is then
probably caused by the progressive formation of the CZ in front of the tip. According
to Herwijnen [33], the full development of the tip-induced CZ is reached after 40 mm
penetration depth, and therefore probably not reached in our experiments. Finally, the
decrease of force for depths larger than 25 mm is presumably due to the influence of the
rigid bottom of the sample box. Penetration profiles shown by Herwijnen and Miller [19]
also exhibited a maximum force a few centimeter above the sample holder bottom. In the
following analyses, to avoid this artifact caused by sample bottom, we will only account
for the first 25 mm of the penetration profiles.

Figure 2b shows four smoothed pCPT profiles measured in the same box and at the
same time. Slight differences between the profiles are visible. This horizontal heterogene-
ity in the samples remains comprised between 10 and 15% (relative horizontal standard

deviation), and is probably due to the sieving.
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Figure 2: Examples of uCPT profiles measured on sample SSA18a after a rest time of 24 h: (a) one
raw profile and the corresponding smoothed profile (black), (b) four smoothed pCPT profiles measured
at different positions. The profiles were smoothed with a Gaussian filter with a standard deviation of
0.2 mm. The mean of the four smoothed profiles is also shown (bold line), and its standard deviation

represented as the shaded area.

2.8. Micromechanical analysis methods

Several statistical models were proposed to interpret SMP profiles in terms of microme-
chanical property proxies. Johnson and Schneebeli [34] assumed that the penetration
force profile results from the superposition of spatially uncorrelated ruptures. Marshall
and Johnson [35] extended this theory by using Monte-Carlo simulations to take into
account simultaneous rupture events and inverted the signal. Lowe and Herwijnen [29]
adapted the model into the formalism of a homogeneous Poisson point process (HPP),
such that individual ruptures can overlap and are randomly distributed.

All these models interpret a SMP profile F(z), i.e. the macroscopic penetration force
F as a function of depth z, as the superposition of spatially uncorrelated rupture events
(Fig. 3). Each single event corresponds to the rupture of one bond behaving in an elastic-
brittle manner. These events are assumed to be identical, but to occur at random depths.
They are described by two microstructural properties, namely the deflection length ¢ and
the rupture force f, and express as f,(z) = f/d x 6(2) x (5 — z) with 6 the Heaviside
function (Fig. 3 inset). The number of events occurring per penetration increment is
described by a Poisson distribution with an intensity A,. The convolution of the single

event function f, and a random sampling of the number of events results in a simulated
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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,

2 1

f=0.1N, and \; is linear increasing with depth: A\;(z) = a)z+b) with ay =40 mm~—* and by = 50 mm™".

Homogeneous Poisson process (HPP)

Assuming that the intensity A, is constant over depth and equal to A, Léwe and
Herwijnen [29] derived analytical expressions directly linking the stochastic cumulants
and correlation function of the SMP profile F' to the micromechanical properties §, f and
A. In particular, they obtained the following relations:

n 3
kn(2) = S0 and C(z,z+r,|r| <) = f25) (1 _il + 1|T|> (3)

n+1 3 246 663

where k,, is the cumulant of order n (e.g. k1 is the mean, ko is the variance) and C' is
the two-point correlation function. This process with a constant intensity A,(z) = A, is
called henceforth homogeneous Poisson process (HPP). Note that the formalism of the
Poisson processes implies constant event characteristics, i.e. ¢ and f are constant (or in a
constant distribution). The assumption of a constant intensity also implies stationarity of
F(z), and thus enables to compute the stochastic cumulants and correlation function as
“depth” cumulants and correlation function (ergodicity). In practice however, measured

penetration profiles are rarely stationary with depth even for homogeneous snow layers
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[19]. This difficulty is overcome by splitting the profile in smaller windows where the
assumption of stationarity remains valid [e.g. 36]. It is observed on simulated HPPs that
better results are obtained with larger windows [29]. Therefore, a balance between large
windows that are stochastically representative, and small windows on which the profile
can be considered stationary, needs to be found. Typical window sizes Az of 1 to 5 mm
are reported in the literature [e.g. 29, 36, 37]. Note that, in practice, the correlation
function C' is also generally computed on detrended profiles (i.e. the mean and linear
trend are subtracted on each window) [e.g., 29, although not shown therein].

Non-homogeneous Poisson process (NHPP)

As shown in Fig. 2, the penetration force measured in our experiments displays strong
changes with depth. The profiles were limited to a depth of 35 mm due to the modified
design of the SMP tip. As explained in Sect. 2.2, the snow structure exhibited a rather
homogeneous vertical profile. We can thus reasonably assume that the microstructural
properties § and f are constant over the entire depth, while only the number of events,
thus the intensity A,, varies with depth. This depth variation of A, can be related to
the build-up of the compaction zone in front of the tip. We thus propose to analyze our
measured pCPT profiles as a non-homogeneous Poisson process (NHPP), with a variable
intensity A, instead of a homogeneous Poisson process (HPP). Note that the NHPP
equals to the HPP if ), is constant with depth.

We describe here the main steps of the mathematical developments. Details can be
found in Appendix B. Let us consider F(z) as a NHPP characterized by an elastic brittle
event f,, whose properties f and § are assumed to be constant with depth and a number of
events in a Poisson distribution of intensity A\,(z). Assuming that the relative variations
of A\,(z) over an interval of length § are negligible, it can be shown that:

M)

Kn(2) i and C(z,z+r|r| <d) = f251.(2) (1 _ Ll + 1|r|3) .4

3 24§ 6

Equation (4) is identical to Eq. (3) obtained by Lowe and Herwijnen [29], but with A, (z)
instead of a constant intensity A. However, F' cannot anymore be assumed stationary,
and therefore its cumulants and correlation function cannot be computed directly from a

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

~ F—r(F
F= ﬁl(F;I(/z) )

10
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From Eq. (4), it can be shown that Fis stationary and we obtain:

_ 3% __3C(0)
F=3 =Gy

_i“l(F)
30 7

Az (2) (6)

where ® denotes the mean over depth. The cumulant x;(F') appearing in Eq. (6) is the
stochastic mean of the NHPP. To compute this quantity from our data, we approximate
#x1(F) by the “depth” mean F calculated on a running window of width Az=3 mm and
on a single profile. Since k1 (F') is a first order cumulant, this approximation is relatively

robust, and even exact if the intensity A, is linear over intervals of width Az.

3. Results

3.1. Fwvaluation of the pCPT analysis method

In this section, we compare the proposed NHPP analysis and the original HPP analysis
both on simulated penetration profiles with known properties, and on the uCPT profiles

measured in this study.

3.1.1. BEwvaluation on simulated profiles

First, we evaluated the models on profiles produced by the simulation of a non homo-
geneous Poisson process. A linearly evolving intensity A,(z) = axz + by was considered.
The simulated profiles have a length of 25 mm and a resolution of 4 um, with prescribed
parameters (see legend of Fig. 4) similar to the micromechanical properties of our samples.
To analyze the influence of the different parameters (f, d, and ay), we performed a sensi-
tivity analysis by varying one parameter within a certain range while keeping the others
constant. For each set of parameters, 500 independent profiles were simulated. Since
the intensity A, (z) varies with depth, we defined A as its mean over the whole depth to
provide a single scalar in the sensitivity analysis. The value A\ was varied by varying ay

in the range [0, 300] mm~2, while by was kept constant at 50 mm™*.

Moreover, three
different analysis window sizes Az of 1, 3 and 10 mm were tested.

Both methods provide similar estimates of the deflection at rupture § with a root mean
square error (RMSE) of 0.59 mm for the HPP and 0.54 mm for the NHPP (Figs. 4a,b).

Note that large values of § tend to be underestimated by the two analyses. Nonetheless,

this parameter is correctly estimated if the analysis window is sufficiently large (Az =

11
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10 mm), especially with the NHPP. Overall, estimates of the microscopic rupture force
f are more accurate with the NHPP method with a RMSE of 0.263 N for the HPP and
0.051 N for the NHPP (Figs. 4c,d). As expected, for profiles with an almost constant
intensity (ay=1 mm~2), the two models provide similar results: a slight underestimation
of f. For profiles with a significant evolution of A.(z) (ax=10 or 40 mm~2), the HPP
provides accurate estimates of f only for small window sizes, while the NHPP provides
accurate estimates for all window sizes. Lastly, the NHPP produces in general a better
estimation of the mean intensity A (RMSE of 1305 mm~!) than the HPP (RMSE of
2885 mm ') (Figs. 4e,f). The HPP provides correct estimates of A only for large windows
and very small values of ay, while the NHPP provides correct estimates for all tests. Note
that the NHPP tends to slightly overestimate the mean intensity, especially for samples
with a large § and small window sizes.

We can thus conclude that, on non-stationary profiles with an intensity linearly in-
creasing with depth, the NHPP analysis performs better than the HPP analysis in re-
covering the micromechanical properties. Larger analysis window sizes generally improve
the results, especially when the deflection at rupture § is large. As expected, on almost

stationary profiles both methods show similar results.

3.1.2. Comparison on measured profiles

In this section, we compare the two analysis methods on real pCPT profiles. Figure 5
shows the micromechanical properties estimated on the pCPT profiles measured after a
rest time of 24 hours as derived from the HPP and NHPP models.

As explained in Section 2.3, with the HPP model, 4, f and A are assumed constant
over small windows of size Az=3 mm and were computed according to Egs. (11) and
(12) in [29]. With the NHPP model, § and f are assumed constant over the whole profile,
while A, can vary with z, and were computed according to Eq. (6). Therefore, the vertical
resolutions of the computed micromechanical properties are, by construction, different for
the two models.

The HPP analysis shows non-monotonic variations of f with depth (Fig. 5a). It
indicates an increase of § with depth, especially for sample SSA10 characterized by large
grains (Fig. 5b). Lastly, an overall increase of A with depth is observed, with a slight
decrease between 10 and 15 mm depth (Fig. 5¢). This decrease might be due to the

12
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Az. Error bars correspond to the standard deviation over the 500 independent profile realizations.

rapid increase of the macroscopic force F' with z in this depth interval (Fig. 2), for which

the HPP analysis is not well-designed. Globally, the three parameters follow the overall
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increasing trend with depth exhibited in the uCPT force profiles. The HPP analysis
distinguishes the different samples on § and A, but computes a similar value of f for all
samples and almost all depths.

The NHPP analysis distinguishes the different samples on all properties: the largest
grains exhibit the largest values of f and J, and the smallest values of A. In particular,
a noticeable difference between the two analyses is visible on the computed values of f
(Figs. ba,d): unlike the HPP analysis, the NHPP analysis shows a high dependency of f
on the different samples. The values of A, are found to strictly increase with z, which is
consistent with the progressive formation of the compaction zone around the pCPT tip
(Fig. 5f). The differences between the two methods become smaller for depths between
20 and 25 mm.

Note that, here, no reference profile of the micromechanical properties is available
to definitely evaluate the two models. However, the monotonic increase of intensity
with depth, and the the increase of f with grain size, which are only visible in the
NHPP estimates, seem more consistent with our knowledge of the sample properties (see
Sect. 2.1) and of the progressive formation of the compaction zone [33]. Indeed, Eq. (1)
indicates a higher bond size for larger grains and thus an increase of f with grain size can

be expected.

3.2. Fvolution of the macroscopic force with time
The macroscopic force F' clearly increases with time due to sintering (see Fig. 6 or
Fig. C.11). Moreover, the relative increase of F' with time also appears to be enhanced
with depth. For instance, F' increases by a factor of about 1.5 over 24 hours at a depth
of 5 mm, while it increases by a factor of about 3 at a depth of 20 mm.
In line with previous studies [e.g. 19, 28], the time evolution of the depth-averaged
macroscopic force F (Fig. 7), was approximated by fitting power laws of the form:
_ t \F
F(t) = Fyp, () : (7)
tin
with ¢, = 1 hour and F}j is the mean macroscopic force value after 1 hour of sintering.
F(t) is computed as the mean between 0 and 25 mm depth, to exclude any potential
influence of the bottom of the box (see Sect. 2.1). The start time ¢ = 0 is defined as the

middle of the sieving procedure, which took between 5 and 10 minutes. Hence, the error
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Figure 5: Estimated micromechanical properties derived from the pCPT profiles measured on the samples

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

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

the curves represents the standard deviation of the values obtained for the different profiles measured at

one sampling time.
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Figure 6: Vertical profile of the macroscopic force F' for different sintering times, measured on sample

SSA18a.

on sintering time is estimated to be half of the sieving time. The fit was performed with

an orthogonal distance linear regression (ODR) on the logarithm of the data using scipy
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python package [38]. The function finds the maximum likelihood and gives the estimated
properties with their standard error, i.e. the error at one sigma interval. We accounted
for the time error in the ODR fit and used all the 4 to 5 profiles measured at any given
time. We chose a Pearson p-value of 1% to analyze the significance of the fit.

Figure 7 shows that the mean macroscopic force exhibits a clear power law trend.
Only little deviations from the power law are observed, and the confidence intervals on
the fitted parameters are rather small. The pre-factor F}; ranges between 0.36 N and
1.22 N depending on the considered sample, and increases with specific surface area. Note
that the values of Fyj, for samples SSA18a and SSA18b, which are composed of similar
grains, are very close but do not exactly coincide (see indicated errors). The exponent ap
is about 0.3 for all samples. Hence, it appears that the initial value of the macroscopic
force F1j, depends on sample properties, while the power law exponent a g is independent

of the sample.

10t ‘ ‘
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Figure 7: Evolution of the depth-averaged macroscopic force F' with time for the different snow samples.
The power law fits are shown by the solid lines, and the corresponding parameters are indicated in legend.
The horizontal error bars represent the time error (around 10 minutes) due to non-instantaneous sample

preparation.
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Figure 8: Vertical profiles of the micromechanical properties estimated by the NHPP model on sample
SSA18a for different sintering times. The shaded area around the curves represents the standard deviation

obtained for the different profiles at one sampling time.

3.8. Evolution of the micromechanical properties with time

Figure 8 shows the evolution with time, for sample SSA18a, of the micromechanical
properties estimated by the NHPP analysis. Similar plots for the other samples are visible
in Appendix C, Figs. C.12, C.13, C.14. The deflection § and intensity A, do not show
obvious changes with time (Figs. 8b, c¢). On the contrary, for the microscopic rupture
force f, a clear increase with time is observed (Fig. 8a). Hence, according to the NHPP
analysis, the evolution of the macroscopic force F' (Fig. 6) with time is mainly due to the
evolution of the microscopic rupture force, whereas its evolution with depth is explained
by the vertical profile of the intensity. We recall that the NHPP model assumes that the
microscopic rupture force is constant over depth, but not that intensity is constant over
time.

Asin Sect. 3.2, the time evolution of the micromechanical properties was approximated
by fitting a power law : X(t) = Xy (£/t14)"™, were X is either f, § or A (Figure 9).
Again, a Pearson p-value of 1 % is used to assess the significance of the fits. The lines
in Fig. 9 are dotted if the fit is not significant. Note that we consider here the averaged
intensity over depth. Figures 9b,c confirm that the deflection and average intensity do
not significantly change with time. The initial values of § and A are however dependent
on sample properties. On the contrary, the microscopic rupture force f exhibits a clear
power law trend. Again, only little deviations from the power law are observed, and the
confidence intervals on the fit parameters are rather small. The pre-factor fi, ranges from

0.05 N to 0.09 N and decreases when specific surface area increases. The value of fyy,

17



339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

SSA10 fi;, = 0.09 + 0.01, a;=0.34 +0.04 SSA10 6y, = 0.52 + 0.04, a; = 0.08 + 0.04 SSA10 Ay, = 18.94 + 2.16, a, =-0.15 = 0.07
SSA14 fy;, = 0.07 £ 0.00, a;=0.25=0.03 SSA14 5y, = 0.23 £ 0.01, a; =0.04 £ 0.03 SSA14 Ay, = 136.93 £ 10.95, a, =0.00 £ 0.05

4 + 0.00, .18 = 0.0, C 0.0 5SA18 6.€ 4 03 )
SSA18a fy, = 0.05 + 0.00, a;=0.21+0.03 =x SSAl8a 4y, = 0.15 + 0.01, a; =-0.02 + 0.02 SSAl8a )\, = 406.72 +22.12, a, = 0.03 +0.03

x
H

oo

i

x

x 0k e

*
Mean Intensity X (mm~')

Farz Wy
I ag xix

Fofrkd

4 " x
-

] LI
x

IT%:]
T

Microscopic Rupture Force f (N)
5
(%fif ¥
% z(\ iz
e x
% %\ x| =
| FOR D
P
Deflection at Rupture 4 (mm)

kel

o kE g B
x
¢

10° 10" 10° 10" 10° 10*
Sintering Time (h) Sintering Time (h) Sintering Time (h)

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.

for samples SSA18a and SSA18b, which were composed of similar snow grains, are very
close. The exponent oy ranges from 0.18 to 0.34, and appears to decrease with increasing
specific surface area (or decreasing grain size). Hence, both the initial value and power

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

4. Discussion

Due to a limited sample height of 35 mm, the presented pCPT profiles exhibit a
non-stationary regime due to the progressive build-up of a compaction zone in front
of the cone tip. To properly account for this feature and to estimate micromechanical
properties from the pCPT profiles, we proposed a non-homogeneous Poisson shot noise
model (NHPP). This approach follows up on the ideas of Lowe and Herwijnen [29], who
described the fluctuating penetration force as a homogeneous Poisson shot noise process
(HPP) with a single event described as an elastic-brittle rupture. We showed, under the
assumption that the relative variations of intensity over an interval of size § are small,
that the analytical expressions for the cumulants and the correlation of the macroscopic
force given by Lowe and Herwijnen [29] (Eq. 6 and 10 there) can be extended to a
non homogeneous process, i.e. with an intensity A, varying with depth. This extension
amounts to separate two spatial scales: the scale of the bond rupture characterized by
¢ and f, and the scale of the compaction zone that governs the evolution of A\,. Using

simulated force profiles with a linear evolving intensity (and properties close to those
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of the snow samples used in this study), we showed that the NHPP model was able to
retrieve accurate micromechanical properties (Fig. 4). In particular, on simulated profiles
characterized by large variations of A, with depth, which mimic our measurements, the
NHPP was more accurate than the HPP whose underlying assumptions are violated. On
this type of profile, no window size, small enough to satisfy the assumption of constant
parameters and large enough compared to the event spatial extent §, can be found to
correctly apply the HPP. The NHPP development was thus required to provide a robust
estimates of the micromechanical parameters from the presented measurements. The
main approximation of the NHPP model is the calculation of the first cumulant s (F).
We approximate x1 (F') by its running mean over a window size of A,=3 mm. Therefore,
we assumed that the profile can be approximated by a linear evolution over such window
sizes. A window of 3 mm was chosen as the best compromise between a sufficiently large
window to get a better estimation of the parameter, and a sufficiently small window to
assume the signal to evolve linearly over it. Comparing the HPP and NHPP on measured
profiles showed clear differences between the estimated parameters by the two models
(Fig. 5). Nevertheless, these differences become less pronounced for depths larger than
20 mm. In particular, the models estimate similar values of §. The two models predict
a similar evolution of f and A with SSA but the estimated values are different for these
depths. Thus, it would be interesting to compare the NHPP and HPP on thicker snow-
samples, where the CZ can fully develop. In such a case, the NHPP and HPP would
probably lead to similar estimates. Indeed, the NHPP is a generalization of the HPP,
as it also includes zero-slope evolution of the intensity with depth. On a profile with
no significant evolution of lambda, the NHPP would not provide any advantage over the
standard HPP method but would perform as well as this method. Besides, it would
be interesting to apply the NHPP on a whole profile of a snowpack with different snow
layers. In particular, it may be still possible that a new compaction zone develops at each
transition between a soft layer and a harder one, and not only at the snowpack surface.
We measured numerous pCPT profiles in quasi-homogeneous snow samples created in
the laboratory and let to sinter during 24 hours at -10°C. The NHPP model was applied to
these measurements. The derived micromechanical properties consistently distinguished

the four snow samples prepared with different sieve sizes and varying mainly by grain size
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(or SSA) and slightly by density. The largest values of microscopic rupture force f and
deflection §, and lowest values of intensity A,, were obtained for the largest grains and
slightly lower densities than average (Fig. 5). Furthermore, only the microscopic rupture
force was found to evolve significantly with time, while the parameters A, and § remained
essentially constant with time (Fig. 8). These results can be interpreted as a progressive
growth of the bonds without any other structural changes in the snow.

The microstructural analysis thus exhibits a partition between the variations with
depth (borne only by the intensity) and with time (borne only by the microscopic rupture
force) of the macroscopic force profile. This observation is consistent with our expecta-
tion that the evolution over one day of the snow microstructure, excepted bond growth,
would remain limited for samples composed of large rounded grains with a density around
500 kg m~3 and a SSA between 10 and 18 m? kg—'. Hence, uCPT profiles with an ap-
propriate statistical analysis indeed appear to provide relevant proxies of bond evolution
during sintering. This point corroborates the finding of Herwijnen and Miller [19] who
suggested that the SMP profile relates to bond scale processes, based on an agreement
between the SMP mean force evolution and a physical bond-to-grain evolution model.

In previous studies, snow sintering was investigated at different scales, from the bond
scale by recording the evolution of the bond size [e.g. 13, 14, 16] to the snowpack scale
by recording the evolution of macroscopic mechanical properties such as shear or com-
pression strength [e.g. 24, 26]. With the uCPT and the NHPP analysis, we were able
to characterize the sintering process at two scales, through simultaneous records of the
macroscopic penetration force F' (Fig. 7) and of the microscopic rupture force f (Fig. 9a),
a direct proxy for the bond size. Both F' and f were shown to obey power laws with
time, with similar exponents, namely ar ~ 0.29 (Fig. 7) and o ~ 0.27 (Fig. 9a) (average
values). Hence, the time-evolution of the macroscopic force F' appears closely related to
the evolution of the microscopic force f. Recall also that the intensity profile A, remains
essentially constant over time, meaning that the progressive build-up of the tip-induced
compaction zone is unaffected by sintering, at least in the considered dataset.

The obtained values of ap are in agreement with previous studies at the macroscopic
scale: Herwijnen [33] observed exponents between 0.2 and 0.3 for rounded grains with

densities between about 350 to 400 kg m~3. To compare the values of a s to sintering
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exponents involved in the evolution of bond size (a geometrical property), we can assume
that f is proportional to ;.. X rf with 0. the strength of ice and r, the bond radius. This
assumption yields the relation ay = 2 a,;, between the sintering exponents of f and bond
radius . According to Hobbs and Mason [14], the evolution of the bond-to-grain ratio for
ice can be theoretically described by Eq.1 with n = 5 and m = 3, which yields o, = 1/5.
From experimental data, Hobbs and Mason [14] estimated sintering exponents of bond
size between 0.16 and 0.24 at a temperature of -10°C. Kingery [12] measured exponents
between 0.15 and 0.18 at temperatures of about -9.5°C and Kuroiwa [13] got an exponent
of 0.2 at the same temperature. The sintering exponents of microscopic rupture force that
we measured (between 0.18 and 0.34) are effectively higher than the ones theoretically
obtained for bond size, but not by a factor of 2. Note, however, that all these studies
considered ice spheres, while we worked with irregular grain shapes. Besides, Kuroiwa [13]
and Hobbs and Mason [14] worked with much smaller ice spheres than ours, only Kingery
[12] used ice spheres with a diameter between 0.6 and 1 mm. Moreover, deviations to the
relation ay = 2 o, can be expected if the stress distribution in a bond between grains
is not homogeneous. The measured values of ap do not change with SSA in the range
between 10 and 18 m? kg~! and densities between 480 and 500 kg m~3. In contrast, the
values of ay were found to slightly increases with grain size, as observed by Hobbs and
Mason [14]. Lastly, it is also noteworthy that a different behaviour with grain size was
observed for the two pre-factors Fy;, and fip: Fyp decreases, while fy;, increases, with
increasing grain size. The behaviour of fy;, is consistent with classical sintering models

/n

predicting that bond radius should increase with grain size according to r;, oc rg”" (see

Eq. 1) [10].

5. Conclusions

We investigated snow sintering at -10°C by measuring numerous pCPT profiles con-
ducted with a modified version of the SMP on samples characterized by different grain
sizes during 24 hours. To analyze the fluctuating macroscopic force in terms of microme-
chanical properties, we extended the work of Lowe and Herwijnen [29] based on an homo-
geneous Poisson shot noise model. To this end, we also considered the penetration force as

the result of the contribution of independent elastic-brittle failure events, but we relaxed
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the assumption that the number of failure occurrences per penetration increment, i.e. the
intensity, is constant over a certain analysis window. This non-homogeneous Poisson shot
noise model is able to characterize the snow micromechanical properties of a homogeneous
snow layer even if the cone penetration test is in a transient state, due to the progressive
formation of a compaction zone in front of the cone tip. On simulated profiles with pre-
scribed spatial variations of the intensity, the model provided accurate estimates of the
micromechanical properties. On the measured uCPT profiles, the model decomposed the
evolution of the macroscopic force with depth and time as a constant vertical intensity
profile and a time evolution of the microscopic rupture force. This partition is consistent
with the absence of evolution of the grain themselves (e.g. shape) in the tested samples
and bond growth with sintering. The power law exponents for the macroscopic and mi-
croscopic rupture forces (ap ~ 0.29 and ay =~ 0.27, respectively) were very close and in
line with previous studies. In addition, the analysis of oy revealed a higher sintering rate
for the largest grains and the pre-factor fij of the power law was shown to increase with
grain size, which is in line with the theory of bond growth. However, the limited number
(four) of tested samples did not enable us to provide quantitative relations between grain
size and sintering rate. Our analysis nevertheless showed that micro-cone penetration
tests, combined with an appropriate analysis method enables a fast and simple character-
ization of the snow structure. It would be thus possible to investigate the snow evolution
with metamorphism on snow samples spanning a wider range of microstructural patterns.

The HPP and NHPP models could be evaluated with micro-tomographical measure-
ments, as mentioned by Lowe and Herwijnen [29]. Indeed, micro-tomography can be used
to provide direct estimates of microstructural properties derived from pCPT. In particu-
lar, the contact force f could be related to the bond size derived from tomographic data
using the concept of the minimum cut surface [39]. We are currently working on combined
pCPT and micro tomographical measurements. This data includes high-resolution mea-
surements of the snow microstructure before and after a uCPT. It could provide a direct
evaluation of the HPP and NHPP models and could give new insights on the deformation

mechanisms occurring at the cone tip.
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Appendix A. Evaluation of modified SMP

In this appendix, we compare the measured force signal of the original SMP and
the modified version used in our study. For simplicity, we denote the measured profiles
as followed: pCPT profiles are measured with the modified SMP and SMP profiles are
measured with the original setup. Fig. A.10 shows two couples of SMP and uCPT profiles,
which were measured within a distance of about 5 cm in one snow sample. The snow

3 and

sample was made of large rounded grains, with a density of about 480+20 kg m™
a SSA of 14.3840.9 m? kg='. The maximal depth of the SMP profiles is the height of
the snow sample. Small differences in the sample height are due to the sieving procedure.
Comparing the first 35 mm of the profiles, we notice a higher force for the SMP profiles,
than for the yCPT profiles. A clear difference between the profiles can be observed for
depth larger than about 5 mm of penetration, where the rod touches in the snow. Above,
no obvious difference is visible.

A more quantitative analysis was done by computing the mean and standard deviation
on the first 5 and 25 mm of the profile. At a depth of about 5 mm, the SMP rod reaches
the snow surface and its CZ could influence the measured signal. To get an information of
the fluctuations of the force profile, we computed the mean of the macroscopic force, its
standard deviation, and its correlation length (C'(0)/C’(0), with the two point correlation
function C, [29]) over the two depth intervals. The results of these computations are
shown in Tab. A.2. For the computed properties over the first 5 mm, we observe a good
agreement between the SMP and puCPT profiles. In contrast to this, the analysis over
25 mm depth shows obvious differences between both measuring methods. Here, a clear
influence due to the indentation of the SMP rod is observed. These results show that
the extension seems to have no influence on the force sensor, as there were no remarkable

differences in the signals for the depths where the rod did not touch the snow. In contrast,
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Figure A.10: Penetration profiles measured with the original setup (SMP) and the modified setup (uCPT).
The comparison was repeated for two couples of profiles (a and b). In one couple, the profiles were

measured close to each other.

Table A.2: Statistical calculations on the profiles of the SMP and pCPT measurements. The calculations

were done over two different windows, the first 5 and the first 25 mm of the profile.

window mean standard deviation C(0)/C(0)

(mm) SMP uCPT SMP nCPT SMP uCPT
5 0.13 0.22 ] 0.17 0.16 | 0.13 0.18 | 0.17 0.15 | 0.067 0.078 | 0.077 0.094
25 294 282|137 138|214 171|088 0.89 | 0.15 0.38 0.10 0.11

large differences in the measured profile were observed when the rod indented the snow,

which might be enhanced by the limited depth of our samples.

Appendix B. Mathematical developments

In this appendix, we prove Eq. 4 and explain why F can be considered as stationary.
The general equation for the cumulant k,, of order n of a signal, which can be described

by a non-homogeneous shot noise process, is given by Campbell’s theorem [e.g. 40]:

(oo}
inl2) = [ A0 20— e (B.1)
Furthermore, the auto-correlation C' of the signal is given by [e.g. 40]:
C(z,z+u) = / A7) f(z—=7)f(z +u—T)dT (B.2)
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We now express A.(z) a polynomial function Z 0 amz™. Inserting the expression
f2(2) = f/d x 0(z) x 0(6 — z), where 0 is the Heaviside function, into Egs. B.1 and B.2,

we obtain

f”5Z

z+n+1l'dzl (ZC‘"‘Z )] n=12 (B-3)

fz M w(S — w)i+2 5 l+3 dl
C(Z’Z+“):57l:0 l(_l)l( ((l+2))l! +((l+31' )dzl (Z“mz )] (B-4)

=0

If the variations of the intensity over an interval of the size of § are small compared
to the mean intensity, all the terms with [ > 1 in the above summation can be neglected.

Equation B.4 then simplifies to:

n 3
Kn(z) = %—:iz) and C(z,z+r,|r| <9) = f201.(2) <:1)) - %|5L| + é |Z;L > . (B.5)
Computing the cumulants and the correlation function of F' = (F — ky (F))/k1(F)*/?

with Eq. B.5, it appears that they are independent of z, which indicates that F is sta-

tionary.
Appendix C. Time evolution of the macroscopic and microscopic property
profiles

This appendix provides the equivalents of Figs. 6 and 8 (corresponding to sample

SSA18a above) for samples SSA18b, SSA14 and SSA10.

N SSA18b SSAL4 SSA10

Depth = (mm)
Depth = (mm)
Depth = (mm)

Figure C.11: Evolution of the vertical profiles of the macroscopic force with time, measured on the

samples SSA18b, SSA14 and SSA10.
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Figure C.12: Time evolution of the profiles of the micromechanical properties estimated by the NHPP

model on sample SSA18b. The shaded area around the curves represents the standard deviation obtained

for the different profiles at one sampling time.
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Figure C.13: Time evolution of the profiles of the micromechanical properties estimated by the NHPP
model on sample SSA14. The shaded area around the curves represents the standard deviation obtained

for the different profiles at one sampling time.
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Figure C.14: Time evolution of the profiles of the micromechanical properties estimated by the NHPP

model on sample SSA10. The shaded area around the curves represents the standard deviation obtained

for the different profiles at one sampling time.
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