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Abstract. The study of the mechanical properties of sea
ice benefits the parameterization of sea-ice numerical mod-
els and the optimization of engineering design. Deformation
measurement of sea ice has been seen as the essential founda-
tion for the study of these properties. However, this measure-
ment has proved to be difficult due to the complex and non-
homogeneous mechanical properties of sea ice. In this pa-
per, we took advantage of DIC (digital image correlation) to
obtain the full-field displacement and strain of sea-ice speci-
mens in a uniaxial compression experiment. Full-field defor-
mations of sea ice under both vertical and horizontal loading
were measured. Different mechanical behaviors such as mi-
crocracks and failure modes due to the anisotropic properties
of sea ice were successfully captured. The nonuniformity and
local concentration of the strain field were observed and ana-
lyzed. Additionally, we evaluated the displacement and strain
field of the specimens to verify the feasibility and accuracy
of the method. This successful application provides a conve-
nient and powerful option for the study of sea-ice mechanical
properties including failure modes, nonlinear behavior and
crack propagation.

1 Introduction

Human activities in polar areas have been increasing as more
space becomes available to be exploited (Laliberté et al.,
2016; Rabatel et al., 2018). This trend calls for better numer-
ical models of sea ice and cold region technology to reduce
risks posed by the ice (Rabatel et al., 2018). Studies of the
mechanical properties of sea ice are believed to have made
such contributions (e.g., Timco and Weeks, 2010; Shokr and
Sinha, 2015; Weiss and Dansereau, 2017). For example, the
strength of flexure and compression (Ji et al., 2011), fail-
ure and fracture mode (Schulson et al., 2006; Weiss, 2013;
Lian et al., 2017), and the Young modulus and Poisson ra-
tio (Schulson and Duval, 2009) are all essential for the pa-
rameterization of sea-ice models (Hibler, 1979; Feltham,
2008; Weiss and Dansereau, 2017) and the optimization of
polar engineering designs (Ibrahim et al., 2007). Deforma-
tion measurements at the laboratory scale are an essential
foundation of those studies. However, it has been found to
be difficult to measure the deformation due to the complex
material properties of sea ice (Cole, 2001), even under the
controlled conditions of a well-equipped laboratory (Sinha,
1984; Moslet, 2007). In particular, the measurement of full-
field deformation has not been reported for sea-ice speci-
mens.

In traditional ice mechanics, displacement actuators, strain
gauges and extensometers are occasionally applied to mea-
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sure the deformation of specimens (Moslet, 2007; Schulson
and Duval, 2009; Timco and Weeks, 2010). The equipment
for measuring displacement is generally installed onto the
specimen’s surface. Thus, the operation sometimes causes lo-
cal damage and subsequently increases the local stress con-
centration. Another option is to obtain the equivalent dis-
placement of the specimen from an indenter (Schulson and
Duval, 2009; Wang et al., 2018). The loading surface of the
specimen and indenter on it move together and thus have the
same displacement all the time. Therefore, the strain of the
specimens can be deduced from the displacement of inden-
ter without considering the deformation of the rig itself. This
method provides only one value to represent the overall de-
formation of the specimen, even under the assumption that
the loading system has sufficient stiffness compared with that
of the sea-ice specimen. For sea-ice material, the local vari-
ation in deformation cannot be ignored due to the existence
of brine pockets and air bubbles inside the material (Schul-
son and Duval, 2009; Li et al., 2011). Therefore, full-field
deformation is needed to capture the local conditions of sea-
ice specimens and depict the failure characteristics during the
loading process.

Fortunately, the digital image correlation (DIC) method
has been developed (Sutton et al., 2009, 2016), which is suit-
able for deformation measurements. Based on DIC, full-field
displacement and strain can be accurately obtained by com-
paring the digital images of specimen surfaces for the ini-
tial and deformed states (Pan et al., 2009). This method has
been widely used in many fields to obtain the full-field de-
formation (Sutton et al., 2016). Recently, Lian et al. (2017)
used DIC to investigate the uniaxial compressive strength
and fracture mode of natural lake ice under moderate strain
rates. They found that the strain rate calculated from DIC
is quite different from that deduced from actuator displace-
ment under dynamic loading conditions (Lian et al., 2017).
Based on the DIC technique, the full-field deformation is ac-
curately deduced and the damage process of the specimen is
clearly obtained at a high spatiotemporal resolution (Lian et
al., 2017). In fact, a similar principle has been applied to sea-
ice satellite images to compute the velocity and strain fields
on a geophysical scale (Muckenhuber and Sandven, 2017).
Nevertheless, we are not aware of the application of DIC in
sea-ice mechanical property experiments in the laboratory or
in situ. This is partly due to the complex material properties
and intricate mechanical behaviors of sea ice, which make
such applications more difficult.

In this paper, we attempt to apply the DIC technique to a
sea-ice uniaxial compression experiment in situ. First, we in-
troduce the experimental procedure and briefly interpret the
DIC theory. Then the displacement and the strain field of
specimens are illustrated and analyzed to certify the feasi-
bility and accuracy of the method. To our knowledge, this
is the first attempt to experimentally capture sequential full-
field deformations in the mechanical properties of sea ice.
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This achievement will extend the ability to further explore
the complex mechanical behaviors of sea ice.

2 Materials and methods
2.1 Specimens and equipment

The experiment was carried out at the Bayuquan ocean sta-
tion (40°07'15.32” N, 121°5734.77” E) in Liaodong Bay,
where there is an ice-covered season of approximately
3 months each year. A large ice block 1.0m x 1.0m x 30cm
(the latter being the thickness) was cut from a level ice sheet
using a chain saw. Meanwhile, we measured the salinity of
seawater and collected several pieces of sea ice for salinity
measurements. The crystal structure of the ice was columnar
with a column diameter of approximately 4 mm. The sea-
water salinity was 33 ppt at the sampling site, and the ice
salinities were between 5.5 and 7.4 ppt with a mean value
of 6.1 ppt. The environmental temperature during our ex-
periment was about —10 °C, and the ice temperatures were
between —4.5 and —5.6 °C with a mean value of —4.9°C.
These ice blocks were finely processed into cuboid speci-
mens with sizes of 50 mm x 50 mm x 107 mm using a band
saw. This size ensured that the specimens contained enough
ice crystals to avoid grain boundary effects (Timco and
Weeks, 2010; Ji et al., 2011) and to meet the maximum load
requirement of 3 t for our loading system.

To obtain a high-contrast speckle pattern, we first sprayed
white paint uniformly onto the specimen’s surface as the
background and then sprayed black paint randomly to pro-
duce speckles on the white surface, as shown in Fig. 1a. The
specimen surface tended to be flat and smooth after the white
paint was sprayed at least four times. Every spraying required
an interval of 10 min. Half an hour or more after applying the
white paint, the black paint was sprayed onto the white sur-
face. During spray-painting, we kept the outlet of the black
paint a specific distance — greater than 40 cm — from the white
surface. This control ensured that the mist of black paint ran-
domly fell onto the white surface and resulted in a random
gray intensity pattern on the surface. Note that touching the
sprayed surface of the specimen was forbidden during the ex-
periment to prevent the contamination of the speckle pattern.
After sitting for at least 2 h following the spray-painting, the
specimens were ready for the compression experiment.

The experimental system mainly consisted of an opti-
cal image acquisition device and loading system. The CCD
(charge coupled device) camera and high-intensity light
source were the major components of the former. The camera
was a Basler acA 1600-20gm with a resolution of 1200 pix-
els x 1600 pixels. This resolution assured an approximate
specimen surface of 500 pixels x 1070 pixels, which was
tantamount to 0.1 £ 0.005 mm per pixel for each frame. The
camera was placed parallel to the specimen’s surface, and an
appropriate distance was maintained between them — greater
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Figure 1. Specimen preparation, definition of coordinates and loading system. (a) Black/white speckles from spraying the oil paints onto the
specimen surfaces. (b—c) The matching process between the initial subset and the deformed subset. (d) A magnified section of the prepared
specimen corresponding to the yellow line in panel (a). (e) The load applied the specimen from bottom to top.

than 2.5 m in our experiment. This arrangement was used to
alleviate the influence of the out-of-plane deformation (Pan
et al., 2009; Sutton et al, 2009). The camera had a frequency
of 20 fps (frames per second) to trace the deformation of the
specimen surface. With respect to the loading system, the
load was applied from the bottom to the top using a servo-
motor, which was located at the bottom of the apparatus and
could supply the maximum force requirement of 3t with a
constant speed of 0.001-0.8 mm s~!, Here, we used a low
loading speed of 0.05mms~!. Therefore, the frequency of
the CCD camera was sufficient to capture the development of
the full-field deformations. The time history of the load and
displacement of the indenter were simultaneously recorded
by the loading system.

2.2 Methods

The DIC method computes deformation information by
matching the speckles on the specimen’s surface before and
after the loading stages. Generally, the equilateral grids are
virtually assigned on the (specimen’s) region of interest. The
center of the subset carries the displacement information, as
illustrated in Fig. 1b and c. The subset generally consists of
an area of (M + 1) pixel x (M + 1) pixel. After the assign-
ment of the subsets, the appropriate matching method for the
centers between the initial image and the deformed image
can be determined. Considering the robust noise-proof per-
formance, we used the following correlation criterion (Pan et
al., 2009):

i=M j=M - —\2
. fij—f &j—8
C—‘E E ( A Ag ) (D

where f;; and g;; are gray-level functions for the ini-

tial image and the deformed image, respectively; f and

=2 F )
EYYaNIV] fij) and Af =
QM~+1)2 ey V¥ ij

Af are defined as f =
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deﬁmtlons of g and Ag are calculated depending on g;; in the
deformed image. When the correlation coefficient C reaches
the extrema, the center point of the subset in the initial image
is matched to the deformed image. Figure 1b and c illustrate
that the displacement u of the center point is computed ac-
cording to the matching information.

Based on the displacement information of the center point
at the initial subset, we can further obtain the displacement
field for all points. Under the assumption that the deforma-
tion is continuous, all of the neighboring points in the de-
formed image remain in the same order in the deformed im-
age. Therefore, all of the coordinates around the center point
in Fig. 1b can be mapped to the points of the deformed sub-
set in Fig. 1c according to the shape function, similar to the
finite element method. Finally, we obtained the displacement
and strain field for the entire surface of the specimen.

j in the initial image; and the same

2.3 Image processing

The whole process flowchart of the DIC method is shown
in Fig. 2. The detailed steps mainly include the following:
(1) capturing speckle images before and after deformation;
(2) drawing continuous analysis region(s) and setting DIC
parameters, such as subset radius and subset spacing; (3) per-
forming the initial guess and nonlinear optimization to obtain
the whole displacement fields; (4) smoothing the displace-
ment fields, after which the stain fields can be obtained by
solving the gradients of displacements.

In practice, some open source codes on Github can
be used to carry out the implementation of DIC, such
as ncorr_2D_matlab (https://github.com/justinblaber/ncorr_
2D_matlab, last access: 18 April 2019) and DICe (https:
//github.com/dicengine/dice, last access: 18 April 2019),
which are followed by some manual files. Basically, the
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Figure 2. Flowchart of sea-ice image processing for the DIC
method.

abovementioned resources are good options when applying
the DIC method to study sea-ice mechanical properties.

3 Results

Full-field deformations of sea ice under both vertical and hor-
izontal loading directions were measured. These two loading
directions are defined in reference to the ice crystal orienta-
tion, which is parallel to the vertical loading direction and
perpendicular to the horizontal loading direction. Basically,
the loading direction can influence the mechanical behav-
iors due to the anisotropic properties of sea ice (Timco and
Weeks, 2010). In our experiment, DIC was able to capture
these mechanical characteristics by full-field deformation.
The displacement and strain fields for the x direction and
the y direction were obtained based on the images of the ice
surface, as shown in Fig. 1d. Here, all of the strain fields
were computed corresponding to the definition of nominal
strain. The coordinates were defined according to Fig. 1b
and c. In this experiment, minus and plus signs represented
compressive and tensile deformation, respectively. We tested
a total of seven samples in the experiments, three of which
were subjected to vertical loading. However, the failure pro-
cesses of the three samples were not captured by the DIC
technique, as the black/white speckled surface was not the
surface where the failure process occurred. In order to im-
plement DIC analysis, the region of interest for digital image
was selected as 50 mm x 105 mm on the specimen’s surface.
Figure 3 shows the evolution of the strain fields for the dif-
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ferent loading stages. The full-field strain showed nonuni-
formity under both vertical and horizontal loading, and the
localization appears to be significant in Fig. 3a and b. Even
during the early stages before yielding, which were identified
by the displacement—load curve of the indenter in Fig. 3c,
the nonuniformity remained the same as that in the follow-
ing plastic stage. For example, Fig. 3a exhibits strain fields
for the x direction and the y direction corresponding to four
time points (Hi, H», H3 and Hj) that are marked on the
displacement—load curve in Fig. 3c; point H3 is the instant
when the maximum load occurs. The first two columns obvi-
ously present irregular strain distributions, although they are
in the early stages before yielding. In particular, some of the
bottom parts of the specimens experienced larger strain val-
ues than other regions. This trend became more obvious as
the load applied to the specimen increased. A more percep-
tible trend occurred in the strain field of the x direction, and
the relatively large values were apparently concentrated in
the bottom parts of the specimens. This coincidence between
the x direction and the y direction strain fields may mean that
local failure began in the bottom parts of some the specimens,
but the time points of H; and H; were still in the early stages
before yielding according to the displacement—load curve in
Fig. 3c. Unlike the typical metal displacement—load curve,
sea ice had no clear yield points in Fig. 3c. Here, we took
points located in the linear segment of the displacement—load
curve for elastic analysis. As we predicted, the specimens un-
der vertical loading failed in splitting failure mode, as shown
in Fig. 3d. The final crack distribution in Fig. 3d further cor-
roborated our speculation about the initial failure. The local
damage configuration (the dashed circle) and vertical crack
distribution in Fig. 3d were accurately captured by the corre-
sponding strain fields of H3 and Hj in Fig. 3a. Some types
of strain concentration frequently occurred during our exper-
iment, but the overall displacement—load curves in Fig. 3c do
not really represented their evolution.

From Fig. 3a and b, we observed two different failure
modes and strain distributions caused by different loading di-
rections. The strain fields of the y direction in Fig. 3a demon-
strate the tendency of layered distribution parallel to the di-
rection of ice crystal orientation, whereas Fig. 3b does not
exhibit this regularity. However, Fig. 3b shows that the prop-
agation direction of the main crack was parallel to crystal
orientation. One interesting phenomenon was the reversibil-
ity that some parts underwent relatively large strain in the
x direction and then alternately took low strain during the
early stages before yielding, such as the two squares within
the white rectangle in Fig. 3b. However, once the fracture
took shape at the maximum loads in V3 and Hj in Fig. 3a
and b, respectively, the subsequent fractures could propagate
based on that shape and resulted in an irreversible process.
Compared with the maximum loads in V3 and Hj3, the frac-
tures were notably expanded for the strain fields of the x di-
rection and the y direction at V4 and Hy. Obviously, sea-ice
stiffness parallel to the crystal orientation tended to be higher
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Figure 3. The evolution of strain fields in the uniaxial compression experiment. The strain fields of specimens (a, b) with respect to the
vertical and horizontal loading; the x direction and the y direction strain fields and shear strain fields are located from the first to the third
row. The columns of V; and H; (i = 1,...,4) correspond to the time points labeled in the displacement—load curves in panel (c). The failure
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enhance the color contrast.
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than that perpendicular to the ice crystal orientation. In turn,
the strength of vertical loading (V3) was greater than that of
horizontal loading (H3), as shown in Fig. 3c. Figure 3d and e
show the ductile and splitting failure for two specimens. Cor-
responding to these two failure modes of sea ice, the shear
strain &y, concentrated along the fracture pathway in Fig. 3a
for the splitting failure, whereas the shear zones with the an-
gles of 45° were apparently observed in Fig. 3b for the duc-
tile failure. Here, we noticed that even at the same indenter
velocity, the different failure modes existed for two speci-
mens due to the different orientations of the ice crystals. All
of these strain characteristics of the two failure modes and
the local fracture propagation were exactly captured by the
DIC.

4 Discussion

For this application of DIC, producing a high-quality speckle
pattern on the specimen surface becomes to some extent the
most challenging operation. The specimen surface needs to
be covered with a random speckle pattern (Pan et al., 2009),
which is in fact the carrier of deformation information dur-
ing the loading process. Unfortunately, there is no natural
texture on the surface of sea-ice specimen that can be used.
Therefore, the high quality of the speckle pattern is an essen-
tial prerequisite for our experiment. In practice, the speckle
patterns may show distinctly different intensity distribution
characteristics and have a significant influence on DIC mea-
surements. Our major challenge came from the natural prop-
erties of sea ice that entrap salt brine pockets and air bubbles.
As a result, the surface of the cut specimens retained some
faults, which could not be polished off in the same fashion
as those on the surface of lake ice (Lian et al., 2017). We ar-
tificially created the speckle pattern by spraying the ice with
black and white paints to overcome this drawback. We then
applied the mean intensity gradient to the quality assessment
of the speckle pattern. This method is straightforward and
uses easy-to-calculate global parameters to assess the quality
of the speckle pattern. The mean intensity gradient is given
as follows (Pan et al., 2010):

W H
Sp=> D |Vf(xij)| /(W x H), @
i

where Wand H are the width and height of the specimen in

Vf (xij)| =/ 2+ f?is the modulus of the

local intensity gradient vector and fy, fy are intensity deriva-
tives at x;; with respect to the x direction and the y direction.
Here, we took advantage of the Sobel operator to compute
the intensity derivatives. The mean intensity gradients of the
initial images for specimens of Fig. 3a and b were 172.01 and
182.20, respectively. All the values of specimens for this ex-
periment were between 146.11 and 182.20 with an average of
164.08. These values suggest a high-quality speckle pattern

units of pixels,
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and subsequently a high-accuracy subset match in the DIC
(Pan et al., 2010). From Fig. 4a, we found that the gray-level
histogram for the speckle pattern tended to be a random dis-
tribution. Here, we took advantage of false color to enhance
the contrast of the gray-level histogram. The randomness also
indicated that we achieved a high-quality speckle pattern on
the specimen surface for the measurements.

Our selection for the subset size was 35 pixels x 35 pixels,
as shown in Fig. 4a. This took the large, complex and non-
homogeneous deformation of sea-ice specimens into consid-
eration. On the one hand, the size of this subset was large
enough to contain distinctive intensity variations so that ev-
ery subset could have a unique speckle pattern and thus ben-
efit the matching process of DIC; on the other hand, this se-
lection reduced the additional systematic errors in measured
displacements. From Fig. 4a, we can see that every subset
is distinct from the others, as each subset comprises enough
speckles to possess its own unique gray-level distribution.

In our experiments, strain concentrations in localized sec-
tions were often observed from the strain fields of specimens.
This is most likely due to the existence of sea-ice defaults.
These defaults are generally caused by air bubbles and salt
brine pockets that are entrapped during the growth process of
sea ice (Shokr and Sinha, 2015). In nature, these bubbles and
pockets are randomly distributed inside the sea ice. There-
fore, the strain concentration caused by the defaults could
not be avoided by simply artificially handling the specimen’s
surface. This random distribution of defaults, to some degree,
defines the difference in the mechanical properties of sea ice
with respect to lake ice and other materials (Schulson, 1999;
Cole, 2001; Shokr and Sinha, 2015; Weiss and Dansereau,
2017). Furthermore, the strength, failure mode and nonlinear
mechanical behavior of sea ice are all related to these de-
faults and their random distribution (Schulson, 1999; Cole,
2001; Li et al., 2011). The strain concentration was exactly
captured and further supported the feasibility of the use of
DIC to study the mechanical properties of sea-ice material.

Additionally, we compared the displacement with that ob-
tained from the indenter to evaluate the results from the DIC
method. In our experiment, the indenter and the bottom of the
specimen shown in Fig. le should have the same displace-
ment. The displacements of the indenter were recorded by
the loading system during our experiment. The bottom dis-
placements can be derived from the digital images based on
the DIC. Here, we averaged the displacements of two bottom
lines of pixels as the bottom displacements of the specimen.
Figure 4b demonstrates that these two sources of displace-
ment agree well throughout the loading history. The red line
represents the displacements of the indenter corresponding
to the loading history. Even across the point of the maximum
load where some nonplanar strain may subsequently occur
on the surface of the specimen, the points in Fig. 4b are still
close to the red line. This coincidence suggests that our con-
trol of the distance between the CCD camera and the speci-
men surface had a beneficial effect on reducing the influence
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Figure 4. (a) The distribution of gray-level histograms of subset grids in false color on the surface of a spray-painted specimen and (b) the
comparison of displacements from the indenter and the DIC method during the loading process.

of out-of-plane strain on the measurement of the full-field de-
formation. Nevertheless, when the loading process exceeds
100 s, the deviation seems to be evident. This is mainly due
to the large fracture and damage of the specimen. In addition,
the deviation may partly come from the selection of the an-
alyzed region: the bottom line of the selected region is 1 cm
above the bottom line of the specimen in the initial images.
However, the reliability of DIC in the deformation measure-
ment of sea ice is confirmed by the comparison.

5 Conclusion

Sea ice has heterogeneous mechanical properties due to its
multiphase composition which includes crystalline ice, bub-
ble and brine (Weiss and Dansereau, 2017). These structural
heterogeneities of sea ice make the measurement of defor-
mation difficult. Subsequently, the mechanical parameter de-
termination and failure mode analysis for sea ice are influ-
enced. Given the difficulty, we successfully applied the DIC
technique to measure the deformation of sea ice in a uniax-
ial compression experiment. The full-field deformations are
obtained and the ability of DIC to capture the strain concen-
tration and failure modes is confirmed. The local and global
characteristics of ductile and splitting failures are accurately
reflected by the strain fields. In addition, the gray-level dis-
tribution and the comparison of displacements from the in-
denter and DIC are assessed. The results corroborate each
other and bolster confidence in the reliability of the method,
the quality of speckle pattern and the accuracy of the full-
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field deformation measurement in the experiment. The DIC
method provides a convenient and powerful tool for the study
of sea-ice mechanical properties such as the failure mode,
nonlinear behavior and crack propagation. According to the
procedure this paper, DIC could easily be extended to other
types of sea-ice mechanical experiments such as flexural
strength, shear strength and fracture toughness. Furthermore,
based on the IDIC (integrated digital image correlation) the-
ory (Roux and Hild, 2006; Leclerc et al., 2009), sea-ice full-
field deformation from DIC should be incorporated into nu-
merical models such as finite element analysis to realize the
parameter identification, which is able to promote the mea-
surement accuracy of a set of constitutive parameters such as
the Young modulus and Poisson ratio.
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