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A B S T R A C T   

Ice properties are hard to define and vary significantly in literature. While some of this variation can be 
attributed to different testing methods, the authors believe that most of this variation comes from the nature of 
the ice accretion itself. To address the problematic of scattering in mechanical properties values, a new approach 
is proposed which consists of expressing the behavior of atmospheric ice according to its density. Thanks to a 
hybrid experimental/numerical approach, the accurate measurement of the Young’s modulus of atmospheric ice 
can be done. Ice samples are generated in both cold room and wind tunnel and at many different test conditions. 
The results obtained in this study confirm the validity of this new approach and gives a concrete relationship 
between the Young’s modulus and the ice density. Finally, the relevance of using porous material hypothesis to 
explain the relation and the results domain of validity are discussed.   

1. Introduction 

Whether on the ground, in the air or at sea, icing conditions are 
encountered in cold regions across the world leaving natural or man- 
made structures covered in ice. When surrounding temperature is 
below the freezing point, suspended droplets in clouds or precipitations 
droplets become super-cooled droplets. Upon impinging on surfaces the 
freezing process is triggered and ice is created (Gent et al., 2000). The 
adhered ice constitutes a major threat for any architecture meeting 
structural constraints. In the transport field, infrastructures such as 
roads, rails but also vehicles themselves (ships, airplanes, helicopters, 
drones) are endangered due to icing. Because of the additional mass of 
the ice, telecommunication towers, electrical pylons and high voltage 
wires, are threatened with collapsing under their weight in poor weather 
conditions (1998 ice storm in North America). Furthermore, the 
accreted ice deteriorates the operation of structures such as wind tur-
bines, rotor-blades and airfoil by altering their aerodynamics properties 
(Pouryoussefi et al., 2016; Shin and Bond, 1992; Etemaddar et al., 2014; 
Cao and Chen, 2010; Samad et al., 2021; Villeneuve et al., 2021a). 

In many regards, the knowledge of the ice mechanical properties is of 

utmost interest. For instance, knowing ice mechanical properties such as 
its stiffness, its strength or even its density is mandatory to assess 
physical mechanisms leading to its mechanical shedding and therefore 
the development of mechanical ice protection systems (Laforte et al., 
1998; Villeneuve et al., 2015; Villeneuve et al., 2020a; Villeneuve et al., 
2020b; Villeneuve et al., 2020c; Ramanathan et al., 2000; Lin and 
Venna, 2002; Budinger et al., 2018; Pommier-Budinger et al., 2018; 
Budinger et al., 2021; Palanque et al., 2021; Labeas et al., 2006; Endres 
et al., 2017; Villeneuve et al., 2021b). Over the past century, many 
studies were conducted to measure the mechanical properties of ice. 
Among the most investigated properties, one can find the density, the 
Young’s modulus, the cohesion strength, the adhesion strength and the 
critical energy release rate. The Young’s modulus value is of special 
interest, as it is a key parameter in linear elastic theory. Knowing the 
elastic modulus enables the computation of stress fields and potential 
elastic energy (linked to energy release rate computation). Dorsey 
(Dorsey et al., 1940) gave a complete review of ice properties measured 
prior to 1940 and the measurement methods used. The reference ice 
entity is the single crystal of ordinary Ice Ih arranged in a tetrahedral 
way with oxygen atoms and water molecules separated by 2.76◦A. 
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According to such arrangement, the density of the crystal can be esti-
mated to 917 kg/m3, being the reference density for pure ice (Mellor, 
1980). The Young’s modulus of the pure ice was investigated many 
times focusing on the behavior of a mono-crystal sample using standard 
material characterization tests. The mono crystal of ice Ih is by nature 
anisotropic and its properties were investigated by many researchers as 
described in (Mellor, 1980; Hobbs, 2010; Fletcher, 1970). However, in 
1947, Northwood (Northwood, 1947) showed that the poly-crystalline 
ice Young’s modulus was independent of the grain orientation through 
sound wave speed measurements and could therefore be considered as 
globally isotropic. Because of its granular constitution and the inherent 
existence of imperfection within the ice grain boundaries, the ice does 
not always follow standard elastic behavior. According to Hobbs 
(Hobbs, 2010), the elastic behavior of a crystal is due to changes in inter- 
molecular distances, nevertheless, the ice impurities favor inter-grain 
movement. Under relatively progressive loading and large strain, 
grains can slip, reaching new equilibrium positions and therefore suffer 
from non-elastic deformation. Hence, it is assumed that load applied for 
short period with reduced strain magnitude would give little opportu-
nity to trigger non-elastic behavior. For instance, Gold (Gold, 1958) 
defined maximum values for load (0.1 MPa) and strain rate (5 kPa.s− 1) 
preventing from miss-measuring inter grain displacement as elastic 
strain. Contrary to static (or quasi-static) measurements showing values 
of high discrepancy (0.3 GPa to 11 GPa) (Hobbs, 2010), dynamic mea-
surements have given way less scattered values (Gold and Sinha, 1980). 
According to (Schulson, 1999), the standard value to use for poly- 
crystalline ice at − 5 ◦C are 9.0 GPa for Young’s modulus and 0.33 for 
Poisson ratio. The increase in the accuracy of Young’s modulus mea-
surement thanks to dynamic methods enabled to assess the influence of 
the density (Nakaya et al., 1959) on the stiffness. According to Nakaya’s 
study on Greenland ice samples, a slight density decrease would lead in a 
stiffness loss. Gammon et al. (Gammon et al., 1983) showed using 
Brillouin Spectroscopy that for altered pure ice samples, on a local level, 
the Young’s modulus of the crystal remains intact, however decreases on 
the global level of the ice sample. This can be explained by the presence 
of air bubbles, trapped in the freezing process replacing solid material. 
The influence of the density of the sea ice on its mechanical properties 
was investigated in (Frankenstein and Garner, 1970; Georges et al., 
2021; Zong, 2022) showing that the stiffness and the strength of the ice 
tend to decrease with the density. In the case of atmospheric icing, the 
density is influenced by the temperature, the droplets velocity and the 
wetting intensity (Laforte et al., 1983; Druez et al., 1986; Kermani et al., 
2008). However, atmospheric ice is mostly described in the literature 
from its visual aspect, being divided in three types: Glaze ice (trans-
parent and compact), Rime ice (whitish and porous) and finally Mixed 
ice (combination of glaze and rime) (Scavuzzo and Chu, 1987). Conse-
quently, its properties are usually expressed for given ice type which is 
mainly defined by the accretion temperature. Knowing the influence of 
continuous parameters such as temperature, flow rate and others on the 
icing phenomenon, the description of atmospheric ice to three well 
distinct categories appears to be limited. 

The authors believe that much of the discrepancy observed in the 
atmospheric ice properties is caused by the difference in the ice samples 
obtained in each study, which can be attributed to the lack of a proper 
parameter allowing to universally characterize the ice, ensuring simi-
larity in the ice samples generated. The objective of this paper is to 
characterize atmospheric ice Young’s modulus in order to reduce vari-
ability between the values found in the literature, facilitating inter- 
laboratory comparison, covering the range of possible ice types in a 
more continuous way. This paper proposes a new approach in which the 
relationship between the ice Young’s modulus and its corresponding 
density is investigated, which could make density the ideal parameter 
for ice accumulation characterization. The paper is organized as follows. 
First a hybrid method using both experimental and numerical approach 
to derive the Young’s modulus for atmospheric ice samples of different 
densities is introduced. The method and the scientific means used for 

this study are described. Then, results of the study including an 
expression of the Young’s modulus according to the density are given. 
An evaluation of the Weber number of the test conditions is then pre-
sented. Finally, this relation is discussed by considering ice as a porous 
material. 

2. Method and material 

The method consists in using modal finite element analyses 
compared to experimental measurements to determine the Young’s 
modulus of ice. By exciting different resonance modes of a plate covered 
with ice and comparing the measured resonance frequencies with those 
calculated theoretically from a finite element model, the Young’s 
modulus of the ice can be estimated thanks to a dynamic model. Various 
parameters influence the frequency of a structure, such as its mass, its 
stiffness and its geometry (stiffness and mass location). In the case of a 
plate covered with ice, the frequency depends on the substrate proper-
ties and on the ice parameters such as the ice position over the plate, the 
ice size (thickness, width and length), the ice stiffness (Young’s 
modulus) and the ice mass and density. To simplify the study, it is 
decided to study a plate, fully covered with ice (removing ice location 
parameter) of homogeneous thickness (reducing complex geometry 
definition parameters to a single thickness). Therefore, in this simplified 
case, if the non-iced structure remains unmodified, the resonance fre-
quencies depend on three parameters that vary according to the icing 
conditions: the ice layer thickness, the ice Young’s modulus and finally 
the ice density. Therefore, by measuring the ice thickness, weighting the 
ice sample and observing its eigen modes frequencies, the corresponding 
Young’s modulus can be computed numerically. The study is performed 
for various ice samples on metal substrates under different atmospheric 
icing conditions to obtain ice of different density values and to compute 
the Young’s modulus versus ice density. 

2.1. Numerical method for Young’s modulus estimation 

In order to avoid large numbers of iterative finite element compu-
tations (varying the Young’s modulus value for each sample until fre-
quency match is obtained), the idea is to obtain an analytical function 
expressing the frequency of the sample according to the three physical 
ice parameters identified previously (1). 

Fmod = f (eice,Eice, ρice) (1)  

where eice is the thickness of the ice layer, Eice the ice Young’s modulus 
and ρice the ice density. 

This equation can be obtained by performing a linear regression on a 
previously computed well defined data set of finite element results. The 
boundaries of the data set are defined by the theoretical extreme values 
of the ice properties. According to literature, the density of the pure ice 
is set to 917 kg/m3 (Mellor, 1980) and the corresponding maximum 
Young’s modulus estimated is 9 GPa (Schulson, 1999). In the case of this 
study, it is decided not to exceed 5 mm of thickness for the ice layer as 
the irregularities in the ice shape tend to increase with the thickness. The 
minimum value for the ice thickness is set to 1 mm to ensure a observ-
able influence of the ice on the structure, and for computational means. 
The minimum values for density and Young’s modulus are arbitrarily 
chosen low enough according to the authors first assumptions. Table 1 
shows the range of each parameter for the computations: 

To minimize computation time and maximize the linear regression 
efficiency, a Latine Hypercube Sampling (LHS) design of experiment 

Table 1 
Range of parameters for the finite element computations.   

Density (kg/m3) Young’s modulus (Pa) Ice thickness (mm) 

Range [200− 1000] [0.5E9–9.5E9] [1.0–5.0]  
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(DoE) is used (McKay et al., 1979). The domain is covered by the 236 
points of the LHS DoE and 14 additional combinations are manually 
added to cover extremes points of the cubic domain (vertexes and faces 
centers). For each point of the DoE (a random combination of the three 
ice parameters is chosen within the domain boundaries), the first two 
frequencies are computed with software modal analysis. 

Using PyVPLM application (De Giorgi et al., 2021), a linear regres-
sion is performed on the normalized data set. The coefficients of the 
polynomial expression are found while minimizing the mean error be-
tween the data set and the verification set. Therefore, for each sample, 
two polynomial equations are found to express the first and the second 
mode resonant frequencies according to the ice parameters. Finally, the 
roots of the polynomial are found using a Newton solver after inputting 
the measured frequency, thickness and density values into the equation. 
The Young’s modulus value is easily retrieved by choosing the only root 
included in the Young’s modulus range (Table 1). 

2.2. Test sample definition 

To execute the method introduced in this paper, ice must be accreted 
to a rigid body to allow the loading of the structure. In order to enable 
accurate estimation of ice properties, ice sensitive substrates are 
designed. The thickness of the substrate and its material are chosen to fit 
with aerospace airfoil standards: an aluminum sample (1.5 mm-thick) 
and a titanium sample (1 mm-thick) are machined. The samples are 
equipped with two 1 mm-thick piezo-electric ceramics (PIC 181). Ce-
ramics are placed in a symmetric way to ensure the double axis- 
symmetry of the whole sample (Fig. 1). It is possible to use each of 
them either as sensor or actuator. The dimensions of the plate are chosen 
to match with results from Gold et.al study (Gold and Sinha, 1980) in 
which the authors showed that, as the load rate increases, the scattering 
of the Young’s modulus measurement decreases, reaching an horizontal 
asymptotic for load rates above 5.0e2 Hz. Hence, the size of the sample is 
reduced to increase the first mode frequency of the titanium sample just 
above 0.5 kHz, ensuring that the loading of the ice will occur at suffi-
cient rate. 

A total of three titanium samples and one aluminum sample are 
machined. The samples dimensions are obtained accurately using a 

measuring column and are summarized in Table 2. 
The piezoelectric devices are actuated using a sin wave generator. An 

acquisition card PCI-6221 device is used to retrieve the sensor electrical 
response. In order to avoid undesired structural damping and reduce the 
power required to actuate the structure, the system is vibrated in free 
conditions. The samples are tested in free boundary conditions, being 
suspended only by thin nylon strings. 

A 3D finite element model of each substrate sample is realized using 
the FEM software ANSYS. The substrate, ice and ceramics are modeled 
with independent bodies and bonded using contact elements. A cubic 
linear meshing is applied to the bodies. No boundary conditions are set 
to the model in order to compute the modal response in free boundary 
conditions of the system. A preliminary study is realized to assess the 
validity of the models. The resonant frequencies of the first modes are 
computed through modal analysis for each of the bare (without ice) 
samples and compared with the experimental measured frequencies. 
The resulting numerical model discrepancy is under 2% for each sample, 
confirming their accuracy. 

2.3. Icing process 

As mentioned in literature (Gent et al., 2000; Druez et al., 1986; 
Kermani et al., 2008), the type of the ice encountered is highly related to 
the ambient temperature and precipitation rate (precipitation) or liquid 
water content (clouds). According to the continuity of the parameters of 
influence, characterizing ice simply as rime or glaze appears to be way 
too discretized, leading to significantly large ranges of values for their 
possible characteristics. For these reasons, a new approach to define ice 

Fig. 1. Titanium substrate and ceramics configuration (in mm).  

Table 2 
Measurements of the four samples dimensions.   

Sample 1 Sample 3 Sample 4 Sample Al 

Material Ti TA6V Ti TA6V Ti TA6V Al 5754 
Thickness 

(mm) 1.10 ± 0.01 1.11 ± 0.01 1.11 ± 0.01 1.51 ± 0.01 
Width (mm) 49.48 ± 0.15 49.68 ± 0.01 49.80 ± 0.10 49.32 ± 0.20 

Length(mm) 
130.27 ±
0.03 

130.39 ±
0.04 

131.08 ±
0.01 

128.90 ±
0.05  
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is explored, which consists in characterizing ice samples by their den-
sity. In order to validate this new approach, ice accumulations of 
different densities are obtained and their Young’s modulus is measured 
as described previously. In addition, ice of similar densities are also 
obtained but for multiple different icing conditions, by varying both 
temperature and accumulation rate. 

2.3.1. Cold room ice 
The first ice samples generated for testing are obtained in a cold 

room. The cold room enables lowering the ambient temperature down to 
− 40 ◦C and is equipped with an injection system allowing to create the 
icing conditions. The injection system is mounted on a rail fixed on the 
ceiling of the room. The water is injected at high pressure (70 bars) and 
pulverized into droplets of 320 μm median diameter using a spraying 
systems flat jet nozzle. Droplets then fall toward the accretion area 
through gravity. The injected water is demineralized and stored in a 
cooling tank at low temperature just above freezing point ([0–1]◦C) 
before injection. The ice deposit realized in cold chamber is observed to 
be extremely uniform (mean deviation under 5%), which allows accu-
rate measurements of the thickness to give a precise idea of the ice block 
volume. 

Firstly, a design of experiment is developed to define the icing con-
ditions according to two input parameters: precipitation rate and room 
temperature. 

A central composite design of experiment is chosen, as it is recom-
mended for experimental studies and reduces the amount of tests to be 
realized (Box and Wilson, 1992). A CCC (central composite circum-
scribed) design of experiment is selected. The boundaries of the CCC are 
defined by two constraints being the temperature, under − 3 ◦C (to 
ensure freezing of the ice), and the liquid water saturation on the sub-
strate. The liquid water saturation domain for this study is roughly 
assessed with preliminary injections and avoided to ensure the creation 
of representative impact ice. The temperature range of the DoE was 
maximized to extend the validity of the study between − 5.8 ◦C and −
24.2 ◦C. Linear regression is performed on the experimental data set and 
finally an expression of the density of the ice according to the room 
temperature and precipitation rate for this specific case is obtained 
(Fig. 2). The trend of the chart confirms that the same density should be 
obtainable for different temperatures, according to the flow rate used. 
According to the authors’ experience, this map is only valid for the 
samples studied and would not be applicable for substrates with 
different thermal mass. 

Secondly, the ice samples are realized and characterized. The same 
icing condition is repeated a few times to study the repeatability of the 
injection process. For each repetition, ice is accreted over the three 

titanium samples at the same time. After the accumulation, the ice 
thickness is measured in three positions along the length of the sample 
using a Vernier caliper. Then the mean thickness is assessed for the 
whole layer. The samples are weighted inside the cold room. The mean 
thickness, the mass and the density are therefore known for each sample. 
The results of the first six injections are shown Table 3. Four of these 
injections are realized over a total time of sixty minutes (Injection n◦4 to 
n◦7), whereas the last two injections are realized over a total time of 
ninety minutes (Injection n◦8 and n◦9), which led to mass and thickness 
differences, while the density remains constant, as the temperature and 
the precipitation rate are kept constant. 

Figs. 3, 4 show two ice samples of same density obtained with two 
different temperatures, highlighting the influence of the flow rate over 
density and demonstrating that it is function of multiple different 
parameters. 

2.3.2. Wind tunnel ice 
To further confirm that ice samples can be defined using their den-

sities, the study is extended to impact ice generated in an icing wind 
tunnel. The wind tunnel is a closed-loop tunnel that can be refrigerated 
down to − 40 ◦C and equipped with sprinkler ramps to generate icing 
precipitations. The smallest test section, which turns out to be compat-
ible with the small size of the test plates, is used to obtain the maximum 
wind speed. The section is 500 mm × 600 mm and speeds up to 50 m/s 
can be obtained while maintaining temperatures down to − 25 ◦C. The 
LWC of the wind tunnel is calibrated for values of 0.3 and 1.0 g/m3 using 
a hot wire probe. The droplet Median Volumetric Diameter (MVD) is 25 
μm. A new design of experiment is realized. The sample is maintained in 
the study zone thanks to a rigid aluminum interface. The sample is 
placed perpendicular to the wind direction in the center of vein to 
harmonize the surrounding air flow. The test section of the wind tunnel 
is surrounded by a cold chamber, enabling to extract the samples from 
the tunnel at freezing temperature to perform measurements on the ice. 
Four different injection conditions are selected by modifying the flow 
rate of the injectors resulting in intermediate LWC values in the 
[0.3–1.0] range. Two velocities are investigated. Table 4 summarizes the 
different injection parameters. 

Contrary to cold room ice samples, the ice shapes obtained are more 
irregular due to the air flow surrounding the substrate. As a conse-
quence, the modeling of the ice shape is less simple and each ice sample 
requires a dedicated 3D modeling. To maximize the accuracy of the 
model, measurements are taken at nine different positions. The density 
is estimated thanks to the 3D model volume. An example of the ice shape 
and its 3D ice model are given Fig. 5. 

3. Results 

3.1. Cold room results 

The DoE described in 2.3.1 is extended by adding many other points 
considered of interest by the authors (extremes conditions out of the DoE 
range). A total of 44 ice samples are generated. 

Fig. 2. Density (kg/m3) model according to the freezing temperature (◦C) and 
the precipitation rate (g/dm2/h) for this specific case. 

Table 3 
Density of the ice samples for each injection.   

Sample 1 Sample 3 Sample 4 

Injection 4 6,82E+02 6,75E+02  
Injection 5 6,32E+02 6,21E+02 6,78E+02 
Injection 6 6,65E+02 6,85E+02 6,85E+02 
Injection 7 6,65E+02 6,64E+02 6,92E+02 
Injection 8 6,59E+02 6,84E+02 7,26E+02 
Injection 9 6,59E+02 7,26E+02 7,11E+02 
Mean deviation 2% 5% 3% 
Max deviation 3.5% 7.5% 3.5% 
Total mean deviation  4%  
Total max deviation  7.5%   
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For each sample obtained, the frequencies of the first two resonant 
modes of flexion are measured using one piezo-ceramic as actuator. The 
magnitude of the input signal is set to 10 V to remain in small strain 

ranges to avoid deicing. A first large sweep is realized in a [10.5 kHz - 
0.5 kHz] range to give a rough idea of the frequencies of the resonant 
modes in this interval. Then, a finer sweep is used to measure with 
precision the frequency of each mode. 

The vibration magnitude is measured using the second piezo-ceramic 
as a sensor. The frequencies are retrieved in post treatment with a ± 5 
Hz precision giving a maximum error inferior to 1%. An example of the 
frequency spectrum obtained for the large sweep is shown in Fig. 6. 

Using the method described in 2.1, the density, the thickness and the 
frequency of the modes are entered into a solver and the Young’s 
modulus is estimated. The numerical error of the model is assessed by 
checking the influence of small variations in the inputs on the overall 
solution. According to the propagation uncertainty theory, the uncer-
tainty over the density measurement can be expressed thanks to Eq. (2). 
It is therefore possible to compute the uncertainty on the Young’s 
modulus values according to the uncertainties on the measurements δρ, 
δf and δe (Fig. 7). 

δρ
ρ =

δe
e
+

δm
m

(2) 

For each sample, the computed Young’s modulus can be plotted in 
function of the measured density of the ice. For each injection, the 
young’s modulus is estimated using the first mode frequency and the 
second mode frequency. The results obtained for each of both Sample 1 
and Sample Al configurations are shown in Fig. 8. Results show that, 
whatever the sample and its material and whatever the mode, the trend 
of data set is highly similar. Therefore, all data are displayed on the same 
graph and the expression of the ice Young’s modulus according to the 
density can be defined (Fig. 9). 

From Fig. 9, the following polynomial, expressing the Young’s 
modulus value according to its density, can be drawn (3) 

E = E0

[

1.416
(

ρ
ρ0

)3

− 3.612e− 01
(

ρ
ρ0

)2

− 4.511e− 02
(

ρ
ρ0

)]

(3)  

with E0 the Young’s modulus with maximum density (9.0 GPa) and 
ρ0 the density of pure ice (917 kg/m3) (Mellor, 1980; Schulson, 1999). 

Following this equation, an absolute uncertainty on the measure-
ment of the density (measurement accuracy for instance) implies an 
uncertainty on the corresponding Young’s modulus value. The analyt-
ical expression of this uncertainty ΔE can be expressed according to the 
density uncertainty Δρ and the density ρ (only for low Δρ/ρ ratio): 

ΔE = Δρ
(
3A0ρ2 + 2B0ρ+C0

)
(4)  

with A0 = 1.416 E0
ρ0

3 , B0 = − 3.612e− 1 E0
ρ0

2, and C0 = − 4.511e− 2E0
ρ0

, 

3.2. Wind tunnel results 

Because of the irregularity of the ice shape, a finite element modal 
analysis is run for each geometry. The estimated density is given by the 
3D model volume computation as explained previously and the Young’s 
modulus is found by following a dichotomy process until the first mode 

Fig. 3. Two ice samples showing.  

Fig. 4. Two ice samples showing similar density (453 and 465 kg/m3) similar 
density (816 and 807 kg/m3) obtained with two different room obtained with 
two different room temperatures (− 15 ◦C and - 21.5 ◦C) temperatures (− 5.8 ◦C 
and - 8.5 ◦C). 

Table 4 
Parameters used for wind tunnel ice sample generation.  

Temperature (◦C) [− 5, − 8.5, − 13, − 15, − 20, − 25] 

LWC (g/cm3) [0.3, 0.5, 0.8, 1.0] 
Velocity (m/s) [30, 50] 
MVD (μm) (Fletcher, 1970)  

Fig. 5. Example of sample in the wind tunnel ice with the nine thickness measure locations and its 3D model.  
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frequency matches with the experimental one with under 1 Hz differ-
ence. Then, the Young’s modulus according to the density can be 
plotted. The data obtained in the wind tunnel are considered as one set 
of data independent of the tunnel parameters (wind speed, LWC, Tem-
perature) and, when displayed on the plot of the cold room data (Fig. 9), 

all the data seem to follow the same trend, and hence, the same law. It is 
important to mention that the droplets MVD also varied between the 
cold room and the icing wind tunnel. Relation (3) therefore allow 
describing the Young’s modulus of any atmospheric ice according to its 
density only. 

Fig. 6. Frequency spectrum for large sweep.  

Fig. 7. Uncertainty over the Young’s Modulus and the density according to numerical model.  

Fig. 8. Young’s modulus according to the density for both modes and both Sample 1 and Sample Al.  
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4. Discussion 

As shown in the result section, the density seems to be a dominant 
parameter in the definition of the ice stiffness. It appears from this study 
that density alone can be used to assess the Young’s modulus of the ice. 
Ice could therefore be considered as a porous material as it was done for 
sea ice in (Zong, 2022). In literature, many models are described to 
assess the Young’s modulus of a material according to its relative density 
i.e. porosity. According to (Kov’acik, 1999) which proposed a percola-
tion model, the Young’s modulus can be described as: 

E = E0

(
pc − p

pc

)f

(5)  

with E the penalized Young’s modulus, E0 the pure Young’s modulus of 
the material with full density (p = 0), pc the porosity over which the 
Young’s modulus is set to 0 and f the percolation theory exponent. 

In this case, the pure material Young’s modulus E0, can be set to 
9.0e9 Pa (Schulson, 1999) for a density of 917 kg/m3 (Mellor, 1980). The 
pc value is assessed using the experimental results obtained previously. 

Following the data set trend (Fig. 10), the critical porosity (porosity 
corresponding to a total loss of stiffness) seems to be reached at the 
density of 300 kg/m3 corresponding to a porosity of 0.674. As explained 
in the paper (Schulson, 1999), the exponent value f is set to 2.1 in the 
case of 3D considerations. By applying these parameters to the equation, 
the following curve is defined (Fig. 11). The porosity model seems to 
match accurately with the previously obtained curves which comforts 
the authors in believing that the data set is relevant. 

Using multiple icing conditions, the atmospheric ice Young’s 
modulus appears to be, within the range of interest in this study, inde-
pendent of the temperature, the air velocity and the droplet size in the 
first order. The stiffness behavior of a porous material is linked to the 
shape of the porous cavities (Schulson, 1999). The assumption is made 
that for a given droplet impact regime, the arrangement of the porous 
material remains constant. According to droplet impact works (Garcia 
et al., 2008; Castanet et al., 2009) the droplet impact regime on a flat 
wall can be described according to the K dimensionless number, being a 
product of Weber and Ohnesorge numbers (6). 

K = WeOh− 2/5 (6) 

Fig. 9. Young’s modulus according to the density for every cold room configuration.  

Fig. 10. Young’s modulus according to the density for every cold room and wind tunnel configurations.  
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For wall with subzero temperatures, the regime of impact is observed 
as”splashing” for K conditions above Kc = 3500 and”deposition” for K 
conditions under 3500 (Garcia et al., 2008). Using regular aviation data, 
a simplified map of the K parameter for standard in-flight icing condi-
tions can be computed (Fig. 12). The Kc threshold position shows that 
the results obtained in this study are obtained in droplet impact regimes 
broadly encountered in-flight, encouraging the authors in thinking that 
the model obtained is suitable for aircraft icing definition. Moreover, to 
the authors knowledge, there is not any direct evidence that a shift in the 
impact regime would influence the relation between density and 
Young’s modulus of the impact ice. 

5. Conclusion 

A hybrid experimental/numerical method has been developed in 
accordance with literature recommendations, to assess the atmospheric 
ice Young’s modulus with accuracy. This method was used to estimate 
the Young’s modulus of ice samples generated both in cold chamber and 

wind tunnel. The experiments showed the Young’s modulus can be 
defined as a function of ice density alone, and that parameters such as 
temperature, droplet size, flow velocity, or even LWC are only influ-
encing Young’s modulus through the ice density. An expression of the 
Young’s modulus based on the interpolation of experiments results is 
established according to the density and a porosity model of this Young’s 
modulus based on percolation model is also given in this paper, 
demonstrating the validity of the approach. Further study will be done 
to validate the approach for other ice material parameters such as the 
Poisson’s ratio and the tensile strength. 
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