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Abstract

Arctic sea ice area and thickness have declined dramatically during the recent decades. Sea ice physical and
mechanical  properties  become  increasingly  important.  Traditional  methods  of  studying  ice  mechanical
parameters such as ice-coring cannot realize field test and long-term observation. A new principle of measuring
mechanical properties of ice using ultrasonic was studied and an ultrasonic system was proposed to achieve
automatic observation of ice mechanical parameters (Young’s modulus, shear modulus and bulk modulus). The
ultrasonic system can measure the ultrasonic velocity through ice at different temperature, salinity and density of
ice. When ambient temperature decreased from 0°C to −30°C, ultrasonic velocity and mechanical properties of ice
increased, and vice versa. The shear modulus of the freshwater ice and sea ice varied from 2.098 GPa to 2.48 GPa
and 2.927 GPa to 4.374 GPa, respectively. The bulk modulus of freshwater ice remained between 3.074 GPa and
4.566 GPa and the sea ice bulk modulus varied from 1.211 GPa to 3.089 GPa. The freshwater ice Young’s modulus
kept between 5.156 GPa and 6.264 GPa and sea ice Young’s modulus varied from 3.793 GPa to 7.492 GPa. The
results  of  ultrasonic  measurement  are  consistent  with  previous  studies  and  there  is  a  consistent  trend  of
mechanical modulus of ice between the process of ice temperature rising and falling. Finally, this ultrasonic
method and the ultrasonic system will help to achieve the long-term observation of ice mechanical properties of
ice and improve accuracy of sea ice models.
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1  Introduction
Arctic sea ice area and thickness have declined dramatically

in recent years (Stroeve et al., 2012; Laxon et al., 2013; Lei et al.,
2014) and has attracted much attention (Arrigo et al., 2008; Com-
iso, 2012; Day et al., 2012). The shrinking and thinning of Arctic
sea ice have made greater accessibility for shipping in Arctic
Ocean such as the Northeast Passage (Lei et al., 2015; Smith and
Stephenson, 2013). The most important sea ice parameters for
shipping are concentration, thickness and type (Zuo et al.,
2018b). As a special multiphase mixture, sea ice contains solid
ice, air bubbles and liquid brine bubbles. The mechanical prop-
erties of sea ice are also very important for polar region opera-
tions in cold regions (Kjerstad et al., 2015; Montewka et al., 2015;
Wang et al., 2018). Thus, the development of polar navigation re-
quires more research of the mechanics of sea ice.

In previous studies, some mechanical parameters of Arctic
sea ice, such as tensile strength (Kuehn et al., 1990), flexural
strength (Saeki et al., 1981), failure envelope (Schulson et al.,
2006), and uniaxial compression strength (Chen and Lee, 1988;
Sinha, 1984, 1986), have been reported. However, more detailed
researches are still needed because of the lack of information and
rapid changes of Arctic ice (Smith and Stephenson, 2013).

Weeks and Ackley (1986) elaborated on the internal structure
of sea ice, its development and how it affected the bulk proper-

ties of the ice. The mechanical properties of ice bending (Svec et
al., 1985; Gow et al., 1978; Gow and Ueda, 1989) and compres-
sion (Daley et al., 1998) have been studied. Marchenko et al.
(2014) demonstrated significant stress concentrations near the
edges and close to the roots of simulated beam with numerical
simulations. Wang et al. (2016) used in-situ cantilever beam
method to determine the bending strength and elastic modulus
of the ice layer. And the results showed that as the ice temperat-
ure decreased, the bending strength and elastic modulus presen-
ted an increasing trend. Moslet (2007) carried out tests of uniaxi-
al compression strength of columnar sea ice and found that there
is a strong relationship between Young’s modulus and porosity.
An increasing number of researchers have studied the strength
and ridging of sea ice using models (Flato and Hibler, 1995;
Lipscomb et al., 2007).

Measurements of sea ice mechanical properties can be found
in several studies (e.g., Forsström et al., 2011; Frantz et al., 2019;
Ukita et al., 2000; Huang et al., 2016), such as ice core measure-
ment based on the mass/volume method, displacement (sub-
mersion) and specific gravity (Timco and Frederking, 1996).
However, ice core method may have measurement errors caused
by brine drainage (Hutchings et al., 2015) and the volume meas-
urement of the ice sample (Pustogvar and Kulyakhtin, 2016).
Most studies on the structure and distribution of sea ice are  
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based on meteorological data and climate models (Flato and Hi-
bler, 1995; Lipscomb et al., 2007; Sun and Eisenman, 2021). To
the authors’ best knowledge, there have been only a few studies
on the automatic measurement technology of ice mechanical
properties. Considering the cost and inconvenience of field tests
in polar region (Zuo et al., 2018a), a low cost and automatic
measurement method of mechanical properties of ice is needed.

Ultrasonic waves have high penetrating power as well as dir-
ectivity, such as the detection of internal structures of composite
plates and biological tissues (Wang et al., 2002; Ma et al., 2011),
as well as detection of metal forgings and welding seams of de-
fects (Li et al., 2007). Recently, numerous studies have been con-
ducted on the detection of porous materials by ultrasonic waves.
Sea ice is composed of pure ice crystals, brine, solid salt, and air
bubbles, which can be regarded as a special composite material.
Therefore, ultrasonic wave is feasible to test the properties of ice
for the similarities between sea ice and composite material struc-
tures.

In this study, four parameters (Young’s modulus, bulk modu-
lus, shear modulus, Poisson’s factor) are selected as indicators to
measure the mechanical properties of ice and the corresponding
mechanical properties of ice can be obtained by measuring these
parameters. Young’s modulus is a physical quantity that repres-
ents the resistance of solid materials to deformation. It is the ra-
tio of tensile stress to tensile strain in the elastic range of an ob-
ject. When the material is under a certain stress, the larger value
means the smaller the deformation in the stress direction. Bulk
modulus is a ratio of the increasing value of the pressure on the
object to the changing value of the per unit volume of the object
in the elastic range. The higher value of bulk modulus may rep-
resent the smaller decrease of the volume of the material when
the pressure is increased. Shear modulus is a ratio of shear stress
and strain in the range of elastic deformation. The higher value of
shear modulus represents the stronger rigidity of the material.
Poisson’s factor is a ratio of transverse and longitudinal deforma-
tion of a material when it is compressed or stretched. It is a di-
mensionless physical quantity. There is a positive correlation
between the transverse deformation and Poisson’s factor when
the longitudinal deformation is constant.

The mechanical properties of freshwater ice were studied us-
ing an ultrasonic system in this study. An automatic observation
method for mechanical properties of sea ice based on ultrasonic
wave was proposed to solve the problem of low efficiency of ice
core collection and realize the seasonal observation of sea ice
mechanical properties. The principle of measuring mechanical
properties of ice simples was studied and proposed. Key para-
meters of ultrasonic penetrating ice simples can be obtained us-
ing the designed system to analyze on the trend of ultrasonic
parameters and ice mechanical parameters between 0°C and
−30°C. The relationship between mechanical properties of ice
and ultrasonic parameters were proposed and can provide guid-
ance for future design and research of trans-Arctic navigation.

The following sections of this paper consist of three parts: the
methods of measuring mechanical properties of ice simples and
parameters of ultrasound penetrating ice simples, the analysis
about change of ultrasonic parameters and ice mechanical para-
meters, and conclusions about the relation of mechanical prop-
erties of ice simples and ultrasonic parameters.

2  System design

2.1  Objectives and requirements
Autonomous, long-term measurements of ice physical and

mechanical properties are of great significance to the monitoring
of sea ice in Arctic. Ultrasound-based remote monitoring techno-
logy can provide new possibilities. These measurements would
complement sea ice observation data by providing measure-
ments of ice physical and mechanical properties of ice in polar
regions.

Multiple pairs of ultrasonic transmitters and receivers were
used in this system to detect ice at different depths. To minimize
the damaging of the ice surface, ultrasonic transmitters and re-
ceivers would be deployed into one ice auger hole. Sensors such
as thermistor string, sonar altimeter, snow depth sensor and GPS
were used to realize the observation of snow and ice conditions
and basic information of ice environment in polar regions.

2.2  Ultrasonic system for sea ice mechanical parameter observa-
tion
A potential ultrasonic system for sea ice mechanical paramet-

er observation was proposed and designed. This system was
equipped with an ultrasonic exciter connecting to ultrasonic
probes (BH-50, Shantou Ultrasound, Shantou, China), a buoy
containing a controller (TUT430-S1, Taiyuan University of Tech-
nology, Taiyuan, China), a battery unit and a satellite modem
(Iridium 9 523, McLean, VA, USA). Thermistor string, sonar alti-
meter (PSA-916, Teledyne Benthos, North Falmouth, MA, USA),
snow depth sensor (SR50A, Campbell, Camden, NJ, USA) and
GPS (AG332GPS, Trimble, Arlington, VA, USA) were assembled
to measure sea ice mass balance, sea ice temperature and can be
controlled by the controller which was designed by Taiyuan Uni-
versity of Technology. Ultrasonic probes were lowered through a
3-cm auger hole drilled through snow and sea ice. Snow depth
and ice thickness are measured using ancillary sensors in con-
junction with the thermistor string deployed in another auger
hole. This system adopts the structure shown in Fig. 1.

This system was equipped with 6–8 pairs of ultrasonic trans-
mitting and receiving probes fixed on the metal bracket from top
to bottom. The vertical distance between probes was 30 cm. The
controller and remote transmission module were installed in the
buoy on ice and sealed with epoxy resin insulation material. The
circuit block diagram is shown in Fig. 2. A microprogrammed
controller (MSP430F5438A, Texas Instruments, Dallas, TX, USA)
was used to control the sinusoidal signal generator to generate si-
nusoidal pulse signals with a frequency of 1 MHz. After the ana-
log multiplex switch is turned on, the sinusoidal signal can be
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Fig. 1.   Potential deployment scenario.
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sent to the ultrasonic emitting probe. Ultrasonic waves are re-
ceived by the receiving probe after penetrating air, sea ice, or sea-
water. The received signals are processed by a signal processing
circuit, such as rectification detection and filtering, and are
sampled and stored under the control of single-chip microcom-
puter. According to the correlation between the ultrasonic signal
and ice mechanical parameters (including Young’s modulus,
shear modulus and bulk modulus), the real-time detection of sea
ice can be realized through the processing of field signals.

The system was also equipped with the sea ice temperature
string for observing sea ice temperature profile from air to ice to
provide data for the measurement of mechanical parameters
(Young’s modulus, shear modulus and bulk modulus). The con-
troller can also control the remote transmission module to real-
ize remote transmission of data and programs between the sys-
tem and the shore-based site. The system was powered by the
cryogenic battery.

3  Methods

3.1  The mechanical properties of ice
In this study, freshwater ice sample and sea ice sample are

used in this study to measure mechanical properties. The fresh-
water ice is pure and structure of freshwater ice is simple, which
can better verify the feasibility of measurement of ice mechanic-
al parameters based on ultrasonic. Sea ice samples used in the
laboratory were prepared by freezing the seawater. Compared
with sea ice acquired in-situ in polar regions, sea ice samples
made in the laboratory have less porosity and greater density.
The data and results obtained through experiments in this study
can verify the feasibility of the mechanical properties of sea ice
measured based on ultrasonic. And the system can realize in-situ
measurement of sea ice mechanical parameters.

The basic formula for calculating the mechanical properties
of ice samples (Wang et al., 1974; Guo et al., 2016) can be de-
scribed as follows.

Ice shear modulus G:

G = ρV
P. (1)

Ice bulk modulus K:

K = ρ

(
V
P −



V
S

)
. (2)

Ice Young’s modulus E:

E =
ρV

S

V
P − V

S
(V

P − V
S), (3)

where ρ is the density of sea ice, VP is the velocity of the longitud-
inal wave and VS is the velocity of the shear wave.

The measurement of ice mechanical parameters mainly de-
pends on traditional mechanical tests, such as the uniaxial com-
pression test and bending test. The river ice shear modulus was
tested with value between 0.81 GPa and 2.31 GPa (Yu et al., 2009)
and the fresh ice elastic modulus was tested with value between
3.62 GPa and 6.71 GPa (Wang et al., 2016). Guo and Meng (2015)
performed a series of tests to obtain the stress-strain curve and
obtained the bulk modulus of the river ice ranging from 0.5 GPa
to 0.9 GPa.

These mechanical parameters calculated by ultrasound are
larger than those in the references above, but the changing trend
with temperature is similar. The difference in mechanical modu-
lus between ultrasonic measurement and traditional test mainly
comes from the error of density measurement, and the formula
for calculating the mechanical properties of ice samples needs to
be updated based on the ice properties.

3.2  Measurement of ice density
In this study, the density measurement of ice samples was

performed using the mass-volume technique. Using this method,
the ice sample shown in Fig. 3 was cut from the ice cube made in
the laboratory, and then trimmed to a standard cube with a
volume of approximately 10 cm×10 cm×10 cm. The sample di-
mensions were measured and the volume (V) of each sample was
calculated. The sample was weighed to give its mass (M). The
density of the ice (ρ) can be calculated by:

ρ =
M
V
, (4)

where ρ is the ice sample density, V is the volume of the samples,
and M is the mass of the ice samples.

The measurement processes were performed at a low tem-
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Fig. 2.   Circuit diagram of the ultrasonic system for sea ice mech-
anical parameter observation.
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Fig. 3.   Ice sample cut into a standard cube for density measure-
ment.
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perature, in which the air temperature was lower than −15°C to
avoid brine drainage from the sample.

3.3  Measurement of velocity of shear wave and longitudinal wave
The velocities of the shear wave and longitudinal wave were

obtained by the echo method. The velocity of ultrasound is calcu-
lated by the time difference between echoes and the traveling
distance of the ultrasound. The upper and lower surfaces of the
ice samples were polished in a low-temperature environment,
and the thickness of the ice samples was measured with a vernier
caliper (accuracy of 0.01 mm). The crossing distance of ultra-
sound can be recorded as L.

The primary and secondary echoes of the ultrasonic signal
were obtained by the test of ultrasonic waves penetrating the sea
ice (Fig. 4). After the ultrasound penetrates the sea ice to the bot-
tom and returns, the time difference can be obtained by calculat-
ing between the first and the second echoes.

The velocities of the shear wave and longitudinal wave (v) can
be calculated by:

v =
L
T

, (5)

where v is the velocity of the shear wave and longitudinal wave, L
is the distance between the upper and lower surfaces of the ice
samples, and T is the time difference between the first and the
second echoes.

3.4  Experimental system
To investigate the relationship between ultrasonic paramet-

ers (such as sound velocity, peak-to-peak value and attenuation)
and the physical and mechanical properties of sea ice, an experi-
mental system was designed. This system uses ultrasonic equip-
ment to measure the parameters of ultrasonic waves passing
through the ice, such as propagation velocity, peak-to-peak
value, and attenuation. These parameters are combined with the
measured physical parameters of the ice, and the mechanical
parameters of ice can be calculated using the empirical formula
(Wang et al., 1974; Guo et al., 2016). By fitting the measurement
data, the correlation between the mechanical parameters of the
ice and the ice temperature can be obtained.

The system included an ultrasonic system (RAM-5000, Ritec,
Simi Valley, CA, USA), two temperature measuring probes

(PT1000), an ultrasonic transmitting and receiving probe (BH-50,
Shantou Ultrasound, Shantou,  China),  an oscil loscope
(DSOX3034T, Keysight, Santa Clara, CA, USA), and a low-temper-
ature freezer (MDF-60V50, Zhongkeduling, Hefei, China).

The centre frequency of the pulse signal used in this study
was 1 MHz. A 50-Ω high-energy matching resistor and attenuat-
or were connected to the ultrasonic system in case of failure by a
short circuit. The attenuator’s function is to make the received ul-
trasonic signal curve smoother to reduce the glitch of the ultra-
sonic signal. The ultrasonic probes are a pair of 1-MHz main fre-
quency ultrasonic longitudinal wave straight probes, and trans-
verse probes are straight probes. Figure 5 shows an experimental
ultrasonic testing system.

3.5  Measurement process
Initially, seawater with a salinity of 3‰ was placed in a plastic

bucket with a capacity of 2 L. The ultrasonic probe and temperat-
ure sensor were placed in the seawater. The ultrasonic probes
were fixed on a rigid slat with a distance of 2.5 cm. The probe
emitting surface was coated with a coupler and wrapped with a
plastic film. The temperature sensor was fixed in addition to ul-
trasonic probe.

The temperature of the freezer was set directly to −30°C. After
water was completely frozen, the ice sample temperature was
gradually adjusted at intervals of 5°C. When the temperature of
ice samples reached the target temperature and remained stable,
the temperature and ultrasonic wave velocity were recorded, and
the ice was sampled for density measurement using the density-
volume method.

This experiment included the process of gradually freezing
water into ice and gradually warming the ice. The purpose of
comparing the temperature rising and falling processes is to de-
termine whether the change in temperature will affect the mech-
anical properties of ice. From the experimental results analysis,
the slight difference in the data was mainly caused by the meas-
urement error. It can be considered that the influence of differ-
ent processes on the mechanical parameters of ice is negligible.

According to the probe frequency, the ultrasonic pulse trans-
mission frequency was set to 1 MHz, and the quality of the re-
ceived signal was observed on the oscilloscope until the received
signal was clear. The speed of sound can be calculated by record-
ing the ultrasonic propagation time and probe distance. The tem-
perature values and ice salinity were recorded. The ultrasonic
signal time-domain graph can be saved in the CSV format.

The original data can be read to obtain the original image of
the preserved ultrasonic signal. The effective ultrasonic signal
was intercepted, as shown in Fig. 6.

A fast Fourier transform was used to obtain a spectrogram of
the ultrasonic signal, whose abscissa is the centre frequency of
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Fig. 5.   Experimental ultrasonic testing system.
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the ultrasonic probe and whose ordinate is the amplitude of the
signal, as shown in Fig. 7.

4  Results

4.1  Freshwater ice sample temperature changes from 0°C to −30°C
When the freshwater ice sample temperature changed from

0°C to −30°C, the temperature and ultrasonic wave velocity were

recorded, respectively. The ultrasonic speed change versus ice
temperature is shown in Fig. 8.

It can be seen from Fig. 8 that the ultrasonic shear wave velo-
city and the longitudinal wave velocity both increased with the
decrease of temperature. When the temperature of freshwater ice
sample decreased from 0°C to −30°C, the shear wave velocity var-
ied from 1 564.196 m/s to 1 668.892 m/s, and the longitudinal
wave velocity varied from 2 785.564 m/s to 2 957.602 m/s. At the
same temperature, the longitudinal wave velocity was approxim-
ately 1.77 times larger than that of the transverse wave velocity.
The law of the mechanical parameters of the freshwater ice with
temperature can be obtained by substituting the ultrasonic shear
wave velocity and the longitudinal wave velocity into the empir-
ical formula. Curve fitting was performed, and the fitting correla-
tion coefficient was 0.998. The change in the mechanical para-
meters of the freshwater ice sample versus ice temperature is
shown in Fig. 9.

As shown in Fig. 9, the ice shear modulus gradually increased
from 2.173 GPa to 2.48 GPa with a mean of 2.33 GPa and a stand-
ard deviation of 0.11 as the freshwater ice sample temperature
decreased from 0°C to −30°C. The ice bulk modulus increased
from 3.85 GPa to 4.566 GPa with a mean of 4.24 GPa and a stand-
ard deviation of 0.20, and the Young’s modulus values of the ice
samples increased from 5.327 GPa to 6.264 GPa with a mean of
5.89 GPa and a standard deviation of 0.27. The Poisson’s ratio in-
creased from 0.219 to 0.260 with a mean of 0.240 and a standard
deviation of 0.012 (Fig. 10).

The mechanical modulus of ice represents the difficulty of ice
elastic deformation, which means that under certain stresses, the
larger the modulus, the smaller the elastic deformation. When
the same strain occurs, the greater the mechanical modulus, the
greater the stress that needs to be applied to the material. The
mechanical modulus represents the stiffness of the ice as an
elastic material.

As a special material, the mechanical properties of ice are af-
fected by hydrogen bonds in the molecule and the geometry of
the lattice (Lu et al., 2002). As the ice temperature decreased, the
atomic displacement in the ice crystal space grid became more
difficult, the distance between atoms became smaller, the bond-
ing force of atoms became larger, the polar bonds and hydrogen
bonds became more stable and the crystal lattice becomes tight-
er. As a result, the elasticity of the ice become more prominent,
the stiffness of ice becomes more difficult, and the ability to res-
ist lateral and axial deformation is enhanced.

4.2  Freshwater ice sample temperature changes from −30°C to 0°C
When the ice sample temperature changes from −30°C to 0°C,

the trend of the ultrasonic shear wave velocity and longitudinal
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Fig. 7.   Spectrogram of received ultrasonic signal.
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Fig. 8.   Ultrasonic speed versus ice temperature.

  Chang Xiaomin et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 10, P. 97–105 101



wave velocity can be obtained. The waveform of the ultrasonic
transverse wave velocity was 0.997, as shown in Fig. 11. Further-
more, the mechanical parameters of the freshwater ice can be
obtained, as shown in Fig. 12.

The ultrasonic shear wave velocity and the longitudinal wave
velocity decreased with an increase in temperature during the
process of the freshwater ice sample temperature changing from
−30°C to 0°C. The value of ultrasonic shear wave velocity gradu-

ally decreased from 1 670.726 m/s to 1 569.171 m/s, and the value
of ultrasonic longitudinal wave velocity gradually decreased from
2 941.228 m/s to 2 620.411 m/s. The value of Young’s modulus
gradually reduced from 6.259 GPa to 5.156 GPa with a mean of
5.67 GPa and a standard deviation of 0.31, the value of shear
modulus gradually reduced from 2.48 GPa to 2.112 GPa with a
mean of 2.27 GPa and a standard deviation of 0.10, and the value
of bulk modulus gradually reduced from 4.379 GPa to 3.074 GPa
with a mean of 3.65 GPa and a standard deviation of 0.38. The
Poisson’s ratio decreases from 0.258 to 0.219 with a mean of 0.239
and a standard deviation of 0.012 (Fig. 13).

As the ice temperature increased, the atomic displacement in
the ice crystal space grid becomes easier, the distance between
atoms became larger, the bonding force of atoms became weak-
er, the polar bonds and hydrogen bonds were less stable and the
crystal lattice became looser. As a result, the plasticity of the ice
becomes more prominent and the stiffness of ice becomes weak-
er. The ability to resist lateral and axial deformations decreased.

The mechanical properties of the ice sample (including
Young’s modulus, the shear modulus and bulk modulus) de-
creased with increasing temperature, which was consistent with
the results in Section 4.1. At the same temperature, the differ-
ence of values of the two processes was not significant.

4.3  Sea ice sample temperature changes from 0°C to −30°C
The seawater used in the experiment was the self-configura-

tion seawater. Sea salt and freshwater were configured at a cer-
tain ratio. Seawater with different salinities can be obtained. The
seawater salinity used in this study was 13.7 .

The ultrasonic parameters penetrating the sea ice were meas-
ured, and the shear wave velocity and longitudinal wave velocity
data of the measured sea ice sample were interpolated to obtain
the curve of ultrasonic velocity and sea ice sample temperature
(Fig. 14).

As the sea ice temperature decreases, the wave velocity rose
and fell without obvious regularity. The shear wave velocity var-
ied from 1 881.156 m/s to 2 253.35 m/s when the temperature de-
creased from 0°C to −20°C and continues to grow when the tem-
perature was lower than −20°C. The longitudinal wave velocity
rapidly increased from 2 449.781 m/s to 2 784.534 m/s when the
sea ice temperature decreased from 0°C to −10°C. When the sea
ice temperature was lower than −10°C, the longitudinal wave ve-
locity basically remained unchanged and the velocity gradually
increased from 2 784.124 m/s to 2 903.854 m/s. The propagation
speed of ultrasonic shear waves in sea ice was faster than that in
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Fig. 9.   Mechanical parameters of ice versus freshwater ice tem-
perature.
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Fig. 10.   Poisson’ s ratio of ice versus freshwater ice temperature.
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Fig. 11.   Velocity of ultrasonic wave versus freshwater ice temperature.
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freshwater ice, but the velocity of ultrasonic longitudinal waves in
sea ice was slower than that in freshwater ice at the same temper-
ature. The relationship between sea ice ultrasonic mechanical
parameters of sea ice and ice sample temperature is shown in
Fig. 15.

It can be seen from Fig. 15 that when the sea ice temperature
decreased from 0°C to −30°C, the sea ice mechanical parameters
(shear modulus, bulk modulus and Young’s modulus) increased.
At the same temperature, the Young’s modulus had the largest
value and the bulk modulus had the smallest value. The value of
sea ice shear modulus varied from 2.927 GPa to 4.374 GPa and it

continues to decrease when the temperature was lower than
−20°C because the shear wave velocity changing trend had a ma-
jor influence on the shear modulus calculation. The value of sea
ice shear modulus was larger than that of freshwater ice, indicat-
ing that sea ice had stronger shear resistance than freshwater ice
at the same temperature and it was less prone to shear deforma-
tion.

The bulk modulus of sea ice varied from 1.211 GPa to
3.089 GPa, which was smaller than that of freshwater ice samples,
indicating that freshwater ice had stronger compression resist-
ance than sea ice at the same temperature that ice was less prone
to compression deformation. It kept falling when the temperat-
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ure was lower than −20°C because the shear wave velocity chan-
ging trend had a major influence on the bulk modulus calcula-
tion.

The value of the Young’s modulus of sea ice varied from
3.793 GPa to 7.492 GPa, which was larger than that of freshwater
ice, indicating that temperature had a greater effect on the
Young’s modulus of sea ice. As the temperature decreased, the
axial deformation of the sea ice increased.

5  Conclusions
This paper introduces an ultrasonic-based method to detect

the parameters of mechanical properties of ice. An ultrasonic test
system was established to measure freshwater ice and sea ice
samples as the temperature gradually decreased from 0°C to
−30°C and then gradually increased from −30°C to 0°C. The fol-
lowing conclusions were drawn from the experimental data.

During the process of changing the freshwater ice sample
temperature from 0°C to −30°C, the ultrasonic transverse wave
velocity and the longitudinal wave velocity increased with the de-
crease in temperature. At the same temperature, the longitudinal
wave velocity is approximately 1.77 times larger than that of the
transverse wave velocity. The mechanical parameters of the ice
increase with the decrease of temperature: the shear modulus of
the ice samples varies from 2.098 GPa to 2.473 GPa, and the ice
bulk modulus values range from 3.85 GPa to 4.566 GPa, and the
Young’s modulus values range from 5.327 GPa to 6.264 GPa. The
Poisson’s ratio increases from 0.219 to 0.260. These data are con-
sistent with the data in the literature (Guo et al., 2016).

During the process of changing the temperature of a freshwa-
ter ice sample from −30°C to 0°C, the ultrasonic transverse wave
velocity, longitudinal wave velocity and mechanical properties of
the ice sample decrease with an increase in temperature, which
is similar to the decrease in ice temperature from 0°C to −30°C.
The value of Young’s modulus gradually reduces from 6.259 GPa
to 5.156 GPa, the value of shear modulus gradually reduces from
2.48 GPa to 2.112 GPa, and the value of bulk modulus gradually
reduces from 4.379 GPa to 3.074 GPa. The Poisson’s ratio de-
creases from 0.258 to 0.219. At the same temperature, the values
of the parameters during the temperature rising and dropping
process are close.

During the process of the sea ice sample temperature de-
creasing from 0°C to −30°C, the wave velocities of the shear wave
and longitudinal wave decrease. The mechanical parameters in-
creased with a decrease in temperature. The shear modulus var-
ied from 2.927 GPa to 4.374 GPa. The bulk modulus varies from
1.211 GPa to 3.089 GPa and the Young’s modulus varies from
3.793 GPa to 7.492 GPa.

These mechanical parameters calculated by ultrasound are
larger than those calculated using a material testing machine, but
the trend with temperature is similar. The difference in mechan-
ical modulus between ultrasonic measurement and traditional
test mainly comes from the error of measurement of ice density
and ultrasound velocity, and the formula for calculating the
mechanical properties of ice samples needs to be updated based
on the ice properties.

The attenuation characteristics of ultrasonic waves on ice
were obvious. Through an in-depth comparative study, the dis-
persion characteristics and attenuation characteristics of ultra-
sonic waves propagating in river ice, lake ice and sea ice can be
obtained. Thus, ultrasonic signal amplitudes can be obtained at
different temperatures and densities. The attenuation character-
istics of ultrasonic waves propagating in river ice, lake ice and sea
ice can be obtained, and the attenuation coefficient of ultrasonic

waves in ice can be obtained. According to the sound velocity law
of ultrasonic waves propagating in river ice, lake ice and sea ice,
the mechanical parameters of river ice, lake ice and sea ice allow
for obtaining the Young’s modulus, Poisson’s ratio, the shear
modulus and the bulk modulus, and can then be used to determ-
ine the density of the ice. Therefore, the relationship between the
attenuation coefficient of ultrasonic waves in ice and the density
of ice can be obtained at different temperatures and densities.
The ice density detection sensor and its system for designing op-
timal parameters are being studied. By evaluating the relation-
ship between ice density and the attenuation coefficient of ultra-
sonic waves, direct judegment of ice density can be realized. This
research is innovative.

Our future work will be to achieve automatic observation of
sea ice mechanics parameters through ultrasonic testing, which
can be applied to ice conditions detection and the acquisition of
environmental parameters of the Arctic Ocean and Antarctica.
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