
Vol.:(0123456789)

Applied Physics A (2024) 130:141 
https://doi.org/10.1007/s00339-024-07288-y

INVITED PAPERS

Material mapping strategy to identify the density‑dependent 
properties of dry natural snow

Hassan Bahaloo1 · Fredrik Forsberg1 · Henrik Lycksam1 · Johan Casselgren1 · Mikael Sjödahl1

Received: 11 November 2023 / Accepted: 7 January 2024 / Published online: 31 January 2024 
© The Author(s) 2024

Abstract
The mechanical properties of natural snow play a crucial role in understanding glaciers, avalanches, polar regions, and 
snow-related constructions. Research has concentrated on how the mechanical properties of snow vary, primarily with its 
density; the integration of cutting-edge techniques like micro-tomography with traditional loading methods can enhance 
our comprehension of these properties in natural snow. This study employs � CT imaging and uniaxial compression tests, 
along with the Digital Volume Correlation (DVC) to investigate the density-dependent material properties of natural snow. 
The data from two snow samples, one initially non-compressed (test 1) and the other initially compressed (test 2), were fed 
into Burger’s viscoelastic model to estimate the material properties. � CT imaging with 801 projections captures the three-
dimensional structure of the snow initially and after each loading step at -18◦ C, using a constant deformation rate (0.2 mm/
min). The relative density of the snow, ranging from 0.175 to 0.39 (equivalent to 160–360 kg/m3 ), is determined at each load 
step through binary image segmentation. Modulus and viscosity terms, estimated from Burger’s model, exhibit a density-
dependent increase. Maxwell and Kelvin–Voigt moduli range from 0.5 to 14 MPa and 0.1 to 0.8 MPa, respectively. Viscosity 
values for the Maxwell and Kelvin–Voigt models vary from 0.2 to 2.9 GPa-s and 0.2 to 2.3 GPa-s within the considered 
density range, showing an exponent between 3 and 4 when represented as power functions. Initial grain characteristics for 
tests 1 and 2, obtained through image segmentation, reveal an average Specific Surface Area (SSA) of around 55 1/mm 
and 40 1/mm, respectively. The full-field strain distribution in the specimen at each load step is calculated using the DVC, 
highlighting strong strain localization indicative of non-homogeneous behavior in natural snow. These findings not only 
contribute to our understanding of natural snow mechanics but also hold implications for applications in fields such as glacier 
dynamics and avalanche prediction.
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1  Introduction

Snow is a complex material that, in addition to being viscous 
and plastic, undergoes volume changes, or density varia-
tions, under compressive loading. The intricate structure of 
snow particles further adds to this complexity, with micro-
level arrangements strongly influenced by factors such as 
temperature and super-saturation [17].

Extensive research has been conducted on snow due to its 
significance in various aspects of human life, as evident in 
studies by [6–8, 10, 12, 15, 18, 20, 22, 25, 30, 31, 33–36]. 

Comprehensive reviews on snow mechanics can be found 
in [19, 23, 27].

Mechanical properties of snow are often reported as a 
function of density [19]. While Young’s modulus is com-
monly used, the viscous behavior of snow is also investi-
gated [16, 19, 26, 28, 31]. The viscoelastic behavior is typi-
cally modeled using the Burgers model, consisting of Voigt 
units in series with Maxwell units [14], widely applied in 
the analysis and design of viscoelastic materials [4, 9, 21]. 
Density-dependent material properties of snow are modeled 
using either power law [32] or exponential law [13].

The strain rate significantly affects snow’s mechanical 
behavior as a rate-dependent material [19]. Delineating load-
ing rates is crucial, with quasi-static loading rates ( 𝜖̇ ≈ 10−3 
1/s) and dynamic regimes ( 𝜖̇ > ×10−2 1/s) showing distinct 
mechanical responses [24, 29].
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Utilizing the visco-elastic nature of snow, step-wise 
loading combined with � CT allows for identifying material 
properties by considering creep and relaxation [13]. Despite 
challenges in sample sizes for � CT investigations, with a 
size greater than 9 mm ensuring size-independent results [8], 
linking � CT to mechanical loading enables detailed Finite 
Element Method (FEM) analysis [25], exploration of micro-
structural changes and mass transfer [20, 33], and estima-
tion of elastic modulus [7, 30, 34]. Additionally, advanced 
techniques like Digital Volume Correlation (DVC) applied 
to � CT scans effectively calculate 3D displacement fields 
within snow samples [10]. The study by [10] made no effort 
in identifying the material properties of snow based on the 
observed stress response. The study of natural snow for real-
life applications required precise knowledge about the vari-
ations in mechanical properties like stiffness and viscosity 
with density.

In our previous study [1], we explored the subject of 
material mapping for the manufactured snow as a function 
of its density under quasi-static loading. This paper focuses 
on the analysis of dry natural snow, utilizing � CT imag-
ing and mechanical loading to assess the applicability of 
the Burgers model in capturing density-dependent material 
properties. Micro-CT imaging provides insights into den-
sity distribution during deformation, enhancing our ability 
to model material behavior and extending our investigation 
to natural snow. The subsequent sections provide a concise 
literature review and motivation (Sect. 1), detailed materials 
and methods (Sect. 2), study methods (Sect. 3), and thorough 
discussions on implications and limitations (Sect. 4).

2 � Materials and methods

The experimental procedure is outlined elsewhere [1] in 
detail for the case of manufactured snow. The schematic with 
slight changes appears in Fig. 1. The same methodology, 

which will be outlined in the following sub-sections, is used 
in this study as in the study on manufactured (artificial) snow 
as described in [1]. In short, we have conducted experiments 
on two snow samples and refer to them as “test 1” and “test 
2”. In test 1, the snow is filled in the tube without any exter-
nal compressing force. In test 2, a mild compressing force 
is applied on the snow pack in the tube to achieve a range of 
higher densities. The block named “snow sampling” in Fig. 1 
refers to either of test 1 or 2. This process is further detailed 
in Sect. 2.1. The middle column blocks represent the meas-
urement, which is performed in a micro-tomography X-ray 
machine ( �CT). During measurements, the snow sample is 
kept at a constant temperature and compressed uniaxially 
in small steps while monitoring the force response. At each 
compression level, the sample is held for a specific dura-
tion to allow for relaxation, and subsequently, the structure 
is recorded by the CT machine. The relaxation time was 
decided by CT operator when the changes in the observer 
force output from the load cell becomes low enough that the 
subsequent imaging could be conducted without artifacts. 
With this approach, we have access to both the time-resolved 
force response and the density distribution at each compres-
sion level, which serve as inputs for further analysis. The 
entire procedure is detailed in Sect. 2.2. The right part of 
Fig. 1 represents the analyses that are performed on the data 
provided by the experiments and are detailed in Sect. 2.3. 
The force response acquired is fitted to a viscoelastic model 
known as Burger’s model, which includes two stiffness terms 
and two viscosity terms, respectively. After reconstruction, 
the � CT data are segmented, providing the volume fraction 
of snow at each load step. These volume images are used in 
two ways. The first use is to calculate the average density to 
be connected with the calculated material parameters. The 
other use is to calculate the distribution of strain by applying 
a Digital Volume Correlation (DVC) algorithm. The main 
purpose of this last step is to make sure that the deformation 
induced on the snow sample is uniaxial and uniform. The 
entire procedure is outlined in the following sections.

2.1 � Snow sampling

Freshly precipitated snow was collected at Luleå University 
of Technology, Luleå, Sweden, on December 19th, 2022, at 
approximately 10 a.m. from the snowfall of the night before. 
The temperature during the sample collection was – 8◦ C and 
the relative humidity of the air was 88%.

Snow was sampled from the containers and placed into 
Polymethyl methacrylate (PMMA) tubes having an internal 
diameter of 9 mm, wall thickness of 1 mm, and a height of 
11 mm. An aluminum plate was placed at the bottom of 
the PMMA tube to enhance heat transfer, as explained in 
[1]. The sampling process involved inserting the PMMA 
tubes into the snow inside the containers. The excess snow 

Fig. 1   Schematic of the steps conducted to obtain density resolved 
material properties of dry snow
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on top of the PMMA tube was carefully removed by gently 
shearing it away with a cold glass plate without applying 
pressure. Finally, an aluminum punch with a diameter of 
9 mm and a height of 5 mm was carefully placed on top of 
the snow sample before mounting it on the movable punch. 
During the entire handling and sampling process, extra cau-
tion was taken to prevent any contact with warm surfaces in 
order to avoid rapid crystallization that could initiate from 
the container walls. As mentioned earlier, two snow samples 
were collected: one without any external pressure during the 
filling (test 1), and the other with some external pressure to 
obtain higher densities (test 2).

2.2 � Micro CT imaging and testing

Figure 2 illustrates the snow sample and its positioning in 
the � CT machine. Specific elements in the environment 

are labeled from 1 to 5, while details of the snow sample 
mounted on the punch are indicated as numbers 6–8. The 
� CT system utilized in this study was the ZEISS Xradia 620 
Versa, consisting of a sealed microfocus X-ray tube, a 4-axis 
sample stage, and a high-resolution detector, all mounted 
on a stable granite block. To facilitate controlled loading 
and displacement measurement in a temperature-controlled 
setting, an in-situ load stage (CT5000TEC, Deben UK Lim-
ited, Bury Saint Edmunds, UK) with a 500 N load cell was 
integrated into the system.

All experiments were conducted at a temperature of 
-18◦ C. The sample underwent displacement-controlled 
loading, with a total compression of nearly 4 mm for test 1 
and nearly 2.2 mm for test 2. The loading speed was set at 

0.2 mm/min. Considering the sample height of 7.5 mm at 
the beginning of the compression, the corresponding strain 
rate is 4.4 × 10−41/s. After reaching each plateau, the sample 
was allowed to relax until the differences in the observed 
force level on the screen were decided in such a way that 
the consequent imaging became artifact-free. The force was 
continuously recorded and then divided by the inner cross-
sectional area of the tube to determine the average stress 
applied to the sample.

2.3 � Analysis

Snow is a viscous material [19] which may be modeled 
using the Burger’s model presented in Fig. 3. When applying 
a pulse of strain rate, 𝜖̇ = k1

[
Ĥ(t) − Ĥ(t − t

l
)
]
 , where k1 = 2 

mm/min is the strain rate applied during loading, and Ĥ(t) 
is the Heaviside step function, the resulting stress response 
can be obtained as follows using the Burger’s model [1]:

with m1 and m2 defined in [1] and t
l
 is the duration of loading 

for each loading step, which is the time from the start of the 
deformation-controlled test.

A discrete minimum search at a selected times, t
i
 , is con-

ducted according to [1] to find the material properties that 
minimize [𝜎(t

i
) − 𝜎̂(t

i
)]2 , where, � and 𝜎̂ are measured stress 

and estimated stress using Eq. (1), respectively.
The software utilized for managing and segmenting the 

tomographic images provided by the system is Dragonfly 
(ORS, Montreal, Canada). One of the key manipulations 
performed on the images is binary segmentation, which 
involves dividing the image into two categories: “white” 
representing snow and “black” representing air. This 
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l
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M
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m2(t−tl)] + 𝜂
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}
,

Fig. 2   Experimental setup: 
(Left) the experimental environ-
ment; (Right) the snow sample 
mounted on the punch. Numer-
ated items: 1: � CT source 2: 
temperature-controlled in-situ 
load stage 3: Granite base 4: 
Magnification-tunable detec-
tor with 2k × 2k 16 bit CCD 
camera 5: 4-axis, motorized 
precision sample stage 6: Fixed 
punch 7: PMMA tube contain-
ing snow 8: Movable punch [1]
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segmentation enables the extraction of particle properties 
like specific surface areas, as depicted in Fig. 6. Addition-
ally, the relative density is calculated by dividing the number 
of black pixels by the total number of pixels in the image. 
The calculations were carried out using Matlab (v 2022a, 
Mathworks, MA).

To obtain the relative density of a specific axial segment, 
the number of white pixels in that slice is counted and com-
pared to the total number of pixels. By multiplying this value 
by the density of ice ( � = 0.917 g/cm3 ), the true density can 
be determined.

Fig. 3   Burger’s model for 
visco-elastic material. It is a 
combination of Maxwell and 
Kelvin–Voigt model in series. 
E
M

 and �
M

 the stiffness and 
viscosity of the Maxwell model, 
respectively. E

K
 and �

K
 the stiff-

ness and viscosity of the Kel-
vin–Voigt model, respectively

Fig. 4   Sample CT images 
during the loading of the snow 
specimen a test 1: step 1, 4, and 
7 (final) and b test 2: steps 1, 2, 
and 4 (final)
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The DVC is employed to obtain full-field displacements 
of snow, and the axial component of the strain fields are then 
computed through differentiation. DVC tracks the move-
ments of small volumes in the system during loading and 
estimates the displacement fields at each time step using cor-
relation methods. A detailed explanation of the DVC tech-
nique can be found in [3, 5, 11]. The DVC analysis was con-
ducted using LaVision Davis 8.4 from LaVision Inc., located 
in Ypsilanti, MI, USA. The approach utilized a multi-grid 
differential correlation approach with a final sub-volume size 
of 32 × 32 × 32 voxels and 75% overlap.

3 � Results

Cross-sections of the 3D structure of the snow sample for 
tests 1 and 2 are shown at different load steps in Fig. 4a 
and b, respectively. The particles are a combination of the 
needles and plate-like snowflakes. The compression direc-
tion is indicated as “y” in the image, and the loading step 

increases from left to right. Snow particles have complex 
and varied shapes with a combination of needle- or plate-like 
flakes. A visible hexagonal plate-like snow flake from the 
sample related to test 1 in the middle axial axis is presented 
in Fig. 5.

Particle characteristics for tests 1 and 2 are more detailed 
in Fig. 6. The total number of particles is around 7000 and 
9000 for tests 1 and 2, respectively. The histogram of the vol-
umes of particles decreases rapidly, and most particles have 
volumes less than 0.01 mm3 . The same trend is observed for 
the histogram of the surface area of the particles, and most 
particles have a surface area less than 0.5 mm2 . The SSA of 
the particles has a mode around 55 1/mm and 40 1/mm for 
tests 1 and 2, respectively.

From Fig. 4, it is visually seen that the density increases 
as the punch pushes deeper into the sample. The calculated 
distributions of the density at different load steps presented 
in Fig. 7 show that the density is not varying significantly 
with the height of the cylinder, but the variations are more 
pronounced when compared to the case of the manufactured 
snow in our previous work, [1]. The density increases with 
the loading sequence, which is expected since the snow is 
being compressed.

As part of a further investigation into the uniformity of 
compaction, a cross section of the axial strain in the loading 
direction, obtained from the DVC is presented in Fig. 8 and 
Fig. 9, respectively. The overall axial strain value increases 
to around 0.33 and 0.25 for test 1 and test 2, respectively. 
Moreover, the strains exhibit localization behavior which is 
a characteristic of granular materials. The localization of the 
strain is much more pronounced than our previous results for 
the case of manufactured snow [1].

The most important result that is used to estimate the 
material properties is the stress–time response. The nominal 
compressive stress, � = F∕A , (where F is the applied force 
and A is the cross section of the PMMA tube), is plotted as 
a function of the nominal strain, � = �∕L (where � is the 
imposed displacement and L is the height of the PMMA 

Fig. 5   A visible plate-like snow flake taken from a horizontal cross 
section in the middle of the height of the snow sample in the begin-
ning of the loading for test 1

Fig. 6   Histograms of the volume of the particles, surface area, and SSA for test 1 and 2; total number of particles: 7000 and 9000 for test 1 and 
2, respectively
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Fig. 8   Axial strain distribution 
obtained from the DVC for test 
1. The original height of the 
snow at the beginning of the 
compression was 7.5 mm. The 
imposed nominal strain is indi-
cated at the top of each image. 
The dark blue color shows the 
minimum strain, while the red 
color is the strain near zero

Fig. 9   Axial strain distribution obtained from the DVC for test 2. The 
original height of the snow at the beginning of the compression is 
6.4 mm. The imposed nominal strain is indicated at the top of each 

image. The dark blue color shows the minimum strain, while the red 
color is the strain near zero

Fig. 7   Density variation in 
axial and radial segments, 
respectively. Each of the shown 
curves represents the density 
value at the specific layer of 
image pixels, which represents 
the relative axial position. For a 
specific load step, at each axial 
position, there are values of 
density indicating the average 
value in one quarter of the cross 
section at that axial position
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tube) in Fig. 10. Stress increases during loading and quickly 
decreases due to relaxation after the loading is stopped. The 
stress-time plot is presented in Fig. 10 with windows w1 and 
w2 depicting a more detailed nature of relaxation behavior 
for a specific loading step for test 1 and test 2, respectively. 
The combined creep-relaxation that appears at each loading 
step defines the viscoelastic behavior at the corresponding 
level of compaction, a behavior that can also be described by 
Eq. (1). As an example, Fig. 11 shows the last loading step 
for test 2 along with the fitted results using the Eq. (1). Then, 
for each level of compaction, the four material parameters 
of interest are retrieved.

Finally, the four parameters corresponding to the stiffness 
and damping (modulus and viscosity interchangeably) of the 
snow are plotted against relative average density in Fig. 12. 
All the damping and the modulus parameters indicate an 

increasing behavior with the density as expected. The values 
corresponding to the Maxwell modulus component are an 
order of magnitude larger compared to those corresponding 
to Kelvin component. The power law function is used to fit 
mathematical relations the modulus and damping parameters 
in Fig. 12 and apparently all the parameters increase with a 
power of 3 to 4 with relative density in the considered range 
of the relative density.

4 � Discussions

Natural snow at a temperature of approximately – 8 ◦ C 
and a relative humidity of around 88% was filled into the 
PMMA tubes. Subsequently, the snow samples were tested 
at approximately – 18  ◦ C. To ensure a suitable density 
range for the later stages of the � CT test and image pro-
cessing, the filling was done without external compaction 
or with some compaction to achieve higher relative densi-
ties. Uniaxial compaction tests were conducted on the snow 
samples, yielding data covering a relative density range of 
approximately 0.17−0.39. The sample size was chosen to 
be as large as possible within the limits of the CT machine 
dimensions, and not that small to ensure grain independence. 
Thus, a tube with a diameter of 9 mm and a height of 11 mm 
was selected. Strain localization can occur even in initially 
homogeneous snow samples while undergoing homogeneous 
deformation. This strain localization has been demonstrated 
using the DVC, at least for strain rates in the ranges of 10−3 
to 10−2 1/s [2], which is higher than the strain rate in this 
study ( 4.4 − 6.6 × 10−41/s).

Fig. 10   Stress–strain and stress-
time responses for tests 1 and 
2. W1 and W2 show focused 
view windows of one sample 
peak of stress-time for test 1 and 
test 2, respectively. In both W1 
and W2, the creep relaxation 
behavior of snow is visible. The 
drops in the stress–strain curve 
correspond to the relaxations

Fig. 11   Sample curves fitted to the last step of stress-time response of 
test 2 using Eq. (1)
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The Young’s modulus of snow can be estimated by ana-
lyzing the tangent line on the stress–strain curve shown in 
Fig. 10. This estimation is performed at various strains to 
determine the density-dependent modulus. It should be 
noted that this is an apparent modulus, as explained in 
[19], due to the viscoelastic nature of snow with unique 
mechanical properties. Thus, models that account for vis-
cous effects, such as Burger’s model, may be more appro-
priate. Nevertheless, the obtained modulus was found to be 
smaller than those reported by other researchers [12, 26]. 
This difference is attributed to the non-bonded nature of 
the snow tested in this study and the low effects of sinter-
ing, given the – 18 ◦ C temperature during the experiments.

The stress-time response was utilized to estimate the 
viscoelastic material properties of natural snow. The Kel-
vin–Voigt model, commonly used in snow mechanics, con-
sists of two connected parts: Kelvin and Voigt. In this study, 
four parameters, including modulus and viscosity, were esti-
mated for both parts of the model, and their dependency on 
density was determined.

The strain distribution obtained from the DVC analysis 
indicated that normal strains exhibited localized behavior, 
typical of granular materials. The compressive normal strain 
reached approximately 0.33 or 0.25 for snow belonging to 
test 1 or test 2, respectively, as depicted in Figs. 8 and  9. 

The shear strain also exhibited significantly higher local-
ized values.

In line with the work of Mellor [19] and Shapiro [26], 
the viscosity was decomposed into “axial” and compactive 
terms, with the former being equivalent to the Maxwell vis-
cosity in the four-parameter (Burgers) viscoelastic model.

5 � Conclusions

Understanding the mechanical behavior of natural snow 
is valuable in different fields, like cold region engineering 
or polar studies. Here, we demonstrated a methodology 
to map the density-dependent material properties of natu-
ral snow by combining Burger’s visco-elastic model and 
data obtained from step-wise uniaxial compression tests 
to identify the density-dependent material properties of 
natural snow. We also imaged the three-dimensional (3D) 
structure of the snow using � CT after each loading step 
at a temperature of – 18 ◦ C, with a constant rate of defor-
mation (0.2 mm/min). The relative density of the snow 
increases from 0.175 to 0.39. The estimated modulus and 
viscosity terms, obtained from Burger’s model, increase 
with the density of snow. The values of the Maxwell and 

Fig. 12   Experimental (blue 
points) and Estimated (dashed 
lines) material constants, �

K
 , 

E
K

 , �
M

 , and E
M

 , using Burgers 
model as a function of snow 
density
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Kelvin–Voigt moduli range from 0.5 to 14 MPa and from 
0.1 to 0.8 MPa, respectively. Meanwhile, the viscosity val-
ues for the Maxwell and Kelvin–Voigt models vary from 
0.2 to 2.9 GPa-s, and 0.2−2.3 GPa-s, respectively, within 
the considered density range. These values exhibit an 
exponent of around 3.2 and 3.5 for Kelvin–Voigt and Max-
well modulus, respectively, when represented as power 
functions. The results of DVC show that, under the natural 
snow exhibits a highly localized strain field. The method-
ology presented in this study can be further extended to 
consider snow behavior at different temperatures, loading 
rates, and sintering stages. Moreover, the statistical nature 
of the determined material parameters can be studied in 
more detail by testing more snow samples.
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