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Abstract

Drop hammer impact tests were conducted to study crack features and the ductile-brittle
transition in sea ice under low-speed impact. Crack images were analyzed using Hessian
filtering and Hough transform methods, and a finite element model was created. Material
parameters were validated using the crack tip strength factor. Energy dissipation, focusing
on kinetic energy, was analyzed to understand energy conversion and crack propagation
in sea ice during low-speed impact. The results indicate that the angular distribution
of the crack mode exhibits central symmetry, with the peak frequency at each angle
approximately 5°. As the initial impact kinetic energy increases, the dynamic response of
the sea ice plate transitions from toughness to brittleness; the kinetic energy dissipation
increases linearly, while its utilization efficiency declines. The variation in the kinetic energy
conversion rate (1) is associated with the mode of ice plate failure. The crack propagation
rate follows a normal distribution in relation to changes in time and kinetic energy. The
stress wave effect predominates in the fracture formation mode, further elucidating the
ductile-brittle transition behavior of sea ice. This research holds significant implications for
ice-breaking operations.

Keywords: drop hammer impact; crack identification; coastal engineering; ductile-brittle transition

1. Introduction

In winter, coastal areas frequently suffer from sea ice disasters, causing significant
economic losses and safety hazards [1]. Figure 1 shows the sea ice disasters in certain regions
of the Bohai Bay [2]. Common ice-breaking methods, including those using icebreakers,
ice-breaking projectiles, and mechanical impacts, are all classified as low-speed impact
processes [3]. EM Schulson’s quasi-static tests have shown that sea ice exhibits mechanical
behaviors ranging from ductility to brittleness under different strain rates. As G Dong’s
study [4]. The ductile-brittle transition node of river ice in Harbin section of Songhua
River in the process of strain rate evolution is obtained. Additionally, research by Zhang
has proposed that sea ice also demonstrates such behaviors during impact processes.
The mechanical properties of sea ice pose a challenging issue for ice-breaking operations.
Therefore, it is particularly important to study the crack characteristics and ductile-brittle
transition mechanism of sea ice under low-speed impact conditions [5].
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Figure 1. Winter sea ice disaster in Bohai Bay.

In the research on the mechanical response behaviors of sea ice [6], scholars have
described the laws of crack morphology from a subjective perspective through theoretical
derivation and mechanical tests. Previous studies have made substantial fruitful efforts in
investigating the mechanical response behaviors of ice during impact processes: A Banik [7]
in the research on low-speed impact of ice impactors and CFRP sandwich composites. It
was found that the degree of damage of ice at different freezing temperatures under the
same load was quite different. A Combescure [8] studied the fracture modes of ice under
high-speed impacts and analyzed the dynamic fracture phenomena of equiaxed ice and
single-crystal ice; . Dong et al. [9] designed a cylindrical pile ice load test affected by drift
ice to establish the relationship between impact and kinetic energy, and finally determined
the design ice load for the pile; DG Matskevitch [10] discussed an ice-structure interaction
model, and the results showed that compared with head-on collisions, the eccentricity of
collisions leads to a significant reduction in the maximum ice load; JB Kennedy [11] used the
rigid-plastic theory and Tresca yield criterion to study the deformation response of floating
ice under high strain rate loads, and derived expressions for the total response time and
final deformation morphology of floating ice; F Miiller [12] investigated the ice-structure
interaction process from the perspective of ice shape and discussed the influence of the
initial ice contact shape on local loads; Yiheng Zhang [13] systematically explored the effects
of impact velocity, ice sample thickness, and constraint conditions on the dynamic fracture
process and failure mode; Junzheng Yue [14] analyzed the process of low-speed penetration
of sea ice by steel projectiles using the CDEM method. While the aforementioned studies
have explored the dynamic response modes of ice under high strain rate loads from different
angles and revealed the failure behaviors of ice under various impact conditions, they lack
research conducted from the perspective of the physical property of ice’s ductile-brittle
transition mechanism. However, this property has been reflected in studies on quasi-static
loads: RA Batto [15] proposed a ductile-brittle transition model of ice under uniaxial
compression, which can well explain the ductile-brittle transition mechanism of ice under
static loads; C Wang et al. [16] conducted uniaxial compression tests on single-crystal
freshwater ice under different strain rates and crystal orientations, and the results showed
that within the ductile-brittle transition range, the propagation mode of cracks is related to
the strain rate. The stress concentration at the crack tip is released through basal sliding,
which inhibits crack propagation and manifests as ductile failure with multiple cracks;
when the strain rate is high, the crack tip cannot grow stably, leading to the generation of
inclined cracks and resulting in spalling or axial splitting failure, with ice exhibiting a brittle
failure mode; LI Zhijun et al. [17] studied the influence of ice porosity on the ductile-brittle
transition of sea ice under uniaxial compression; EM Schulson [18] proposed two criteria
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for the transition strain rate, one phenomenological and the other more physical, with
the included parameters covering the macroscopic size of ice features, fracture toughness,
friction coefficient, creep rate, and microstructural scale. In the above studies, quantitative
statistics and regularity analysis of sea ice crack morphology have not been realized. In
order to study the ductile-brittle transition behavior of sea ice from the perspective of crack
propagation law, this paper realizes the quantification of sea ice crack by Hough transform
method. This method has a wide range of application prospects in other fields, such as:
R.E. Rizzo [19] developed the Fracpaq toolbox using the Hough method; this toolbox
characterized the crack attribute distribution of two fractured rock masses in the Santa
Cruz region of the United States and conducted statistical characterization via maximum
likelihood estimation and K-S test methods. It is evident that the Hough transform method
enables both the detection of crack morphology and statistical quantitative analysis.

Current research on sea ice faces three primary limitations: insufficient studies on the
ductile-brittle transition under impact loads, a lack of investigations into image recognition
for crack morphologies, and a scarcity of research regarding crack morphology and en-
ergy conversion during low-speed impacts. To address these issues, drop hammer impact
tests were performed with varying kinetic energy and ice plate thickness. A novel sea
ice crack detection method based on Hessian matrix filtering was proposed, facilitating
quantitative crack analysis through the Hough transform. The study examined crack char-
acteristics, including length, angle distribution, fragmentation degree, and statistical laws
under low-speed impact loads. Additionally, finite element simulations were employed to
investigate crack propagation and the mechanical behavior of sea ice, thereby enhancing
the understanding of the ductile-brittle transition and providing a theoretical foundation
for emergency risk mitigation operations in port ice conditions.

2. Materials and Methods
2.1. Specimen Preparation

Sea ice samples are typically collected using in situ sampling methods in research.
However, challenges associated with climate and transportation can result in inaccuracies
and data variability. To address these issues, artificial freezing was employed to prepare
sea ice samples, with the goal of replicating the properties of natural sea ice. This method
is straightforward to implement and contributes to the stabilization of test results to some
extent [20].

Sea ice plate specimens were created using the rectangular mold freezing method. The
seawater salinity in the Bayuquan area was recorded at 33.4 ppt. To prepare the brine, sea
salt was dissolved in water and then frozen in a mold at —25 °C for 24 h. After freezing, the
mold was briefly immersed in water for 1 min to facilitate demolding and release prestress.
Once demolded, the ice plate was polished. It had an average density of 1.02 g/cm? and
a uniaxial compressive strength of 2.12 MPa. The samples measured 34 x 21.5 cm with
thicknesses of 3 cm, 4.5 cm, and 6 cm. Indoor impact tests should commence at —10 °C to
ensure reliable data.

2.2. Test Scheme

As shown in Figure 2. The JZ-5011 drop hammer (Luoyang Dahua Heavy Type
Machinery, Luoyang, China) impact testing machine consists of a main frame, guide rod,
lifting system, anti-secondary impact mechanism, automatic drop hammer mechanism,
scale, and electrical control box. The apparatus has an overall height of 3.5 m and features
a 9.5 kg drop hammer with a hemispherical impact head. Data collection is facilitated
by a dynamic strain gauge. A load sensor with a 10 kN range and £0.01 kN accuracy
measures impact load. Impact velocity is adjusted by altering release heights, ensuring a 5%
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maximum deviation within test groups. Data is acquired at 50 kHz due to the instantaneous
impact nature.
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Figure 2. Testing equipment.

Five drop hammer release heights (0.3 m, 0.6 m, 0.9 m, 1.2 m, and 1.5 m) resulted in
impact velocities of 2.43 m/s, 3.43 m/s, 420 m/s, 4.85 m/s, and 5.42 m/s, respectively.
These velocities were tested on sea ice plates with thicknesses of 3 cm, 4.5 cm, and 6 cm,
creating a total of 15 test groups. Detailed information about the test design is provided
in Table 1. For example, “I-3.0-0.3” denotes a sea ice plate “I” with a 3 cm thickness and a
0.3 m drop height. After each impact test, images were taken, followed by preprocessing of
the crack images and analysis of the test results.

Table 1. Impact test group and variable combination.

Specimen Falling Height Impact Velocit Ice Sample Size
Test Group I\P}umber (%n) & P (m/s) Y (crlr)l)

1 1-3.0-0.3 0.3 243 34 x21.5%x 3
2 1-4.5-0.3 0.3 243 34 x 21.5 x 4.5
3 1-6.0-0.3 0.3 243 34 x 215 %x 6
4 1-3.0-0.6 0.6 3.43 34 x21.5%x 3
5 1-4.5-0.6 0.6 3.43 34 x 21.5 x 4.5
6 1-6.0-0.6 0.6 343 34 x 215 %x 6
7 1-3.0-0.9 0.9 4.20 34 x21.5%x 3
8 1-4.5-0.9 0.9 4.20 34 x 21.5 x 4.5
9 1-6.0-0.9 0.9 4.20 34 x 215 %x 6
10 1-3.0-1.2 1.2 4.85 34 x21.5%x3
11 1-4.5-1.2 1.2 4.85 34 x 21.5 x 4.5
12 1-6.0-1.2 1.2 4.85 34 x 2156
13 1-3.0-1.5 1.5 5.42 34 x 215 %x 3
14 1-4.5-1.5 1.5 5.42 34 x 21.5 x 4.5
15 1-6.0-1.5 1.5 5.42 34 x 215 %x 6

2.3. Test Method

To address the unclear boundaries of fracture sea ice cracks and better quantify their
shapes, we propose a comprehensive image processing workflow, illustrated in Figure 3.
The process begins by importing the original sea ice plate image and converting it to
grayscale. A built-in 2D filter in MATLAB v2020 is then used for initial noise reduction [21],
followed by an erosion algorithm, a morphological image processing technique, to remove
edge artifacts. At this stage, crack-related features become visible [22]. Next, Gaussian
smoothing and Frangi filtering are applied to further reduce noise, although some remain
at the edges [23]. The image’s overall contrast is enhanced by emphasizing the gray
difference between crack and non-crack areas, aiding in distinguishing the crack from
the background. Once the contrast-enhanced image is obtained [24], a one-step erosion
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operation is conducted to remove small noise components within the crack image [25].
Following image skeleton pruning rules, the main crack regions are preserved [26]. Finally,
the Otsu method converts the processed image into a binary format, allowing the final
crack to be quantified using the Hough transform [27-29].
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Figure 3. Crack identification flow chart.

2.3.1. Crack Quantification Method

1. Crack Enhancement

The image of sea ice crack after impact is preprocessed, and the characteristics of
the target linear structure size are analyzed, and the most suitable spatial scale factor is
selected. When determining 1, we should select the most matching i with the sea ice crack
in the image to ensure that the filter output is the largest. After the pixels in the image are
integrated with their output, the enhanced processing image is obtained to facilitate next
analysis and discussion [30].

Table 2 shows the properties of Hessian eigenvalues. In the process of image process-
ing, because most of the images to be processed usually contain linear structures of multiple
scales, in order to more accurately detect various linear structures at different scales, the
difference operation of the Hessian matrix is combined with the Gaussian function, and the
linear enhancement filtering is enhanced by changing the different scales of the spatial scale
factor 1 of the Gaussian function. According to the convolution property of the Gaussian
function, the scale space derivative Iy is obtained by the convolution of the input image
and the second derivative of the Gaussian filter [31].

Table 2. Characteristics of Hessian eigenvalues.

Al A2 Image Feature

—-H —H Pinpoint-bright

+H +H Pinpoint-dark
L —H Linear-bright
L +H Linear-dark

The Hessian matrix is the square matrix of the second-order partial derivative of the
scalar function, which is composed of the horizontal, vertical and diagonal second-order
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partial derivatives of the image. At the same time, the eigenvalue estimation of the matrix
can be used to determine the probability of sea ice cracks in the image area.

H— [Ixx Ixy] (1)
Iyx IYY

H denotes the Hessian matrix; Ixx, Ixy, Iyx and Iyy denote four second-order partial
derivatives in the region of the image, respectively [32].

2G(x,y;
Ly=1® a(xai ) 2)
1 f(x2+2y2>
G(x,y;¢) = We 2 3)

When enhancing sea ice crack images, the output results vary with different scale
factors. Test results, as illustrated in Figure 4, present the image outputs corresponding
to different spatial scale factors (i). It is evident that when ¢ < 0.5, the general shape
and direction of sea ice cracks can be roughly identified. However, when ¢ > 0.5, the
output images appear uniformly gray—making it difficult to distinguish clear sea ice cracks
or their directions. Such images suffer from severe distortion and fail to provide useful
information for subsequent processing and analysis. When ¢ = 0.2, the image exhibits a
dark overall grayscale tone, with even darker grayscale in sea ice crack regions. Although
the approximate shape and direction of cracks are visible, the information content of
image features remains limited. Notably, when the spatial scale factor is set to ¥ = 0.4,
the extraction of image-related features becomes significantly more accurate. Based on
the output results of sea ice crack characteristics in the images, the spatial scale factor i
is determined to be 0.4. This value is better suited for enhancing sea ice crack features:
it allows for a more intuitive visualization of crack shape and direction, while the image
enhancement degree is moderate—providing optimal conditions for subsequent feature
extraction and analysis.

(c) =04 (d) =05

Figure 4. The output results of Hessian matrix under different ¢.

2. Identify region deletion rules

Following the extraction of crack features from sea ice images, residual noise persists
in the non-crack regions of the image. The presence of such noise compromises the accuracy
of sea ice crack extraction. To mitigate the interference of irrelevant noise points on sea
ice crack extraction results, the following postprocessing steps are implemented: First,
the preprocessed image is represented as a crack skeleton—a structural abstraction that
outlines the approximate shape and direction of the cracks. Next, the image is divided into
a regular grid. Grids that overlap with the crack skeleton are marked, while grids with no
skeleton overlap (i.e., uncovered grids) are discarded. Finally, the retained grids are used
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to visualize the target crack features, effectively isolating and presenting the cracks to be
extracted from the image.

The total number of grid cells influences the count of cells covered by the crack
skeleton. It is evident that as the total number of grid cells increases, the number of grid
cells not covered by the crack skeleton also increases, resulting in an overall downward
trend in the corresponding curve. Following the elimination of these uncovered grid cells,
the final processed result is obtained, as presented in Figure 5.
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Figure 5. Mesh skeleton denoising.

3.  Hough transform method

To further quantify the morphological characteristics of the crack after recognition,
Hough transform is performed on the binary image. The basic principle is that the geo-
metric principle of Hough transform is based on point-line duality. Using the one-to-one
correspondence between the rectangular coordinate system of the image space and the
polar coordinate system of the Hough parameter space, the feature points needed in the
image space are converted to the parameter space for extraction. The geometric principle is
as Figure 6, a sine curve p = xg cosf + yp sinf in the parameter space (8, p) corresponding
to a point (xg, ypo) in the image space. If multiple points in the image space are collinear,
their corresponding sine curves in the parameter space will intersect at a point, and the
coordinate of the point is the parameter of the straight line where these points are located.
By discretizing the parameter space into an accumulator array, the cells passed by all the
edge point mapping curves are counted, and the peak cells correspond to the straight lines
in the image [33].

age Space arameter Space
Image Space . . Parameter Space

@~ Point A: (1.0,3.9)
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-@- Point B: (5.0,-0.1) | "
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g \ . {
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\
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2004
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Figure 6. Geometric principle and threshold determination of Hough transform.
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To ensure the accuracy of the crack extraction process. It is necessary to select the
appropriate threshold coefficient according to the feature extraction of the target image. The
interval between the number of retained cracks and the total number of cracks accounted for
0~1 is used as the threshold value range. Figure 6 to determine the threshold ¢, = 0.33. The
optimal crack recognition results were generated by adjusting key parameters (including
the spatial scale factor, Hough threshold, and parameter ratio) The final output results are
summarized in Figure 7.

7
(b) 1-3 0-0.6 (¢) 1-3.0-0.9 (d) 1-3.0-1,2

(g)l—4506 () 14509 (i) 1-4.5-1.2
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Figure 7. Results of crack identification in each group.

2.3.2. Numerical Simulation

Due to limitations in measuring experimental data, quantifying damage on a three-
dimensional scale using only image processing is challenging [34], making it difficult to
analyze the damage process and its corresponding time scale. To overcome this, finite
element numerical simulation was used to reconstruct the tests. The previously identified
crack morphology helped calibrate the material parameters of sea ice for the isotropic elastic
damage constitutive model. Based on observed crack propagation behavior, the study
investigated the internal crack characteristics of sea ice and its dynamic ductile-brittle
transition behavior from the perspective of energy dissipation [35]. LS-DYNA v2019 was
chosen as the analysis platform for the numerical simulation, and given the study’s focus on
low-velocity impact problems, the updated Lagrangian formulation was employed [36-39].
This paper constructs the impact process for sea ice with a thickness of 6 cm. Five different
impact heights—0.3 m, 0.6 m, 0.9 m, 1.2 m, and 1.5 m—were categorized into groups a, b, c,
d, and e, respectively, within the 6 cm thickness sea ice group.

1. Geometric models and meshes

A geometric model was developed for impact testing, featuring an Impact Hammer
(Impactor) and a Sea Ice Specimen. The Impact Hammer is designed as a hollow hemi-
spherical structure with outer and inner diameters of 4.5 cm and 4.2 cm, respectively, and
employs a 3 mm mesh size. The Sea Ice Specimen is a cuboid measuring 34 x 21.5 cm with
a thickness of 6 cm, using a 2 mm mesh size. Both components are oriented vertically and
discretized with Lagrangian solid 8-node hexahedral elements. The boundary conditions
include reflective conditions for the lateral surfaces of the sea ice plate, global constraints
to maintain the sea ice specimen’s position, and rotational constraints about three axes for
the impactor to ensure stability during impact. Model details and mesh dimensions are
depicted in Figure 8.
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Impact hammer

2 mm

Figure 8. Establishment of geometric model.

2. Constitutive parameter calibration

The drop hammer, designed as a rigid body with a mass of 9.5 kg, was calibrated to
align with the specified volume. Sea ice, which behaves as a brittle material under dynamic
loading, was examined using an isotropic elastic damage constitutive model. As shown in
Figure 9. To address numerical challenges in Lagrangian elements, hourglass control was
implemented. This control is essential to prevent abnormal deformations and calculation
issues. It is advised to maintain the hourglass energy below 10% of the internal energy, and
a setting of 6% was applied in this study [40].

Nodal ' Nodal
; displaceme
point Zero energy s
mode
Hexahedral » Deformatio Sandglass phenomeno
elemen

Localrcovmro]

Figure 9. Principle of hourglass energy in finite element.

For sea ice, the Is-dyan material library No. 13 *MAT ISOTROPIC ELASTIC FAILURE
is adopted as the anisotropic linear elastic model. When the load reaches the failure
pressure, the element is deleted, and this is also used to simulate the crack propagation of
sea ice [41].

Table 3 lists the parameters of sea ice materials. Due to the special strength of sea
ice under low-speed impact, the plastic failure strain and failure stress in the table were
obtained by trial and error, while the remaining parameters are referred to in reference [42].
Figure 10 shows the crack propagation under different conditions through comparative test
results, image recognition and numerical simulation. The simulated damage cloud map is
highly compatible with the crack morphology identified through test image processing, as
evidenced by the number of major cracks observed in the ice plate.

Table 3. Sea ice material parameters.

po (kg/m®) G (Gpa) Y (Mpa) P (Gpa) B (Gpa)
1020 2.2 2.12 4.26 1.96
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Figure 10. Comparison of crack propagation.

3.  Feasibility verification

Fracture toughness is a crucial mechanical property of materials, assessed through the
fracture strength factor at the sea ice crack tip. Low-velocity impacts cause a transition in sea
ice behavior from toughness to brittleness, limiting plastic deformation capacity. A small
plastic zone near the crack tip aligns with linear elastic fracture mechanics (LEFM) [43]. In
LEFM, cracks are considered boundary conditions defined by a stress intensity factor, K.
Crack propagation stops when K surpasses the material’s toughness, Kjc.

For a falling height of 0.3 m, primarily type I cracks are observed. In this scenario,
an impact hammer creates small craters on the ice surface, reducing the problem to a
two-dimensional plane. Infinitely fine cracks develop in the infinite domain plate. While
stress is absent within the cracks, it is present in other regions. Refer to Figure 11 for the
model illustrating this boundary condition.

| —| Y g . ¥ -
X
b o © 6 | O
—  —ih -~ = - .
a b4

| -
(o
S T R
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(a) Crack propagation morphology (b) Reduced model (¢)I -type crack

Figure 11. LEFM diagram.

On the surface of any point into polar coordinates, LEFM has [44]:

_ _K (1 _ gin 2 gin 3¢
Oy = o cos5(1—sinzsin 35
_ _K 4 s 0 i 30
U'y = ECOSE 1 +Slnjsln7 (4)
— _K 0 gin @ 30
Ty = Jary COS 7 8in 7 €08
Ky =o+/ma (5)

Figure 12 shows the K] time history curve in the X -axis direction of the unitata =5 cm
on the upper surface of the sea ice plate in the 0.3 m drop height group. It indicates that the
sea ice unit near the crack tip reaches the material fracture toughness Kjc at 0.5 ms, and
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continues to expand in the X-axis direction at 0.6 ms. Figure 12 only shows the change in
the strength factor at the fixed tip of a crack in one working condition. In order to observe
the dynamic propagation behavior of the whole crack, the stress and crack length in the
unit propagation direction of the mode I crack under five different initial kinetic energy
conditions are selected, and the tip Kjc curve of the mode I crack with a length of 2 cm is
drawn. As shown in the following figure, it can be seen in Figure 10 that the cracks of this
form appear in five working conditions. Taking the initial kinetic energy Ey = 28 ] as an
example, the X-axis of Figure 13b below is the distance between the crack tip and the sea
ice boundary time during the crack propagation process.

500 F K, =476.37

400 } — K, history curve

K, (KPa-m'?)

The upper surface of sea ice plate of 0.3 m group

t=0.61 ms Time (ms)

Figure 12. K] time history curve in x-axis direction.

Boundary 700
i : 600 -
i 500 F
& < 400t

H & 300

Crack tip 3
St X 200
100 -
ot
0.0 0.4 0.8 1.2 1.6 2.0

Crack tip position (c¢cm)

Figure 13. Kjc curves of different initial kinetic energy: (a) Crack propagation at 0.6 ms; (b) The Ky of
6 cm sea ice under different impact kinetic energy.

The crack examined extends inward from the sea ice boundary, aligned with the
negative z-axis. The average Kic value varies between 140-153 Kpa-m'/? [45]. Zhang’s
previous research reported Kjc values for pure water ice under high strain rate loads

ranging from 800-100 Kpa.ml/z 12

, and around 100 Kpa-m'/~ under quasi-static loads [46].
This study focuses on artificially frozen sea ice, which exhibits lower mechanical strength
than pure water ice due to sea salt, which weakens its structure. As a result, the Kic value
of sea ice under low-velocity impact loads falls between these values. Notably, data peaks
with an initial kinetic energy of 56 ] do not exceed the Kjc value of pure water ice under

high-stress loads.

3. Results
3.1. Effect of Impact on Crack Angle

Statistical results of crack angles in sea ice specimens after impact depict the proportion
of sea ice crack angles across different impact velocities. Figure 14 shows the crack Angle
distribution diagrams of three ice thicknesses: 3 cm, 4.5 cm, and 6cm. The position of the
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bar represents the crack Angle, and the length of the bar represents the percentage of cracks
at this Angle to all cracks—this avoids ambiguity between “orientation” and the core focus
of “crack angles” in the analysis. The distribution of crack angles clearly exhibits central
symmetry and relative uniformity: the frequency of each angle is primarily around 5%.
For the three thickness groups (3 cm, 4.5 cm, and 6 cm), the peak frequencies are 9.98%,
11.71%, and 12.72%, All peak frequencies correspond to a crack angle of 108°. Notably,
the proportion of cracks within the angle ranges of 0-60° and 300-360° is relatively low;
specifically, this translates to fewer vertical cracks and a higher number of horizontal cracks.
Under dynamic impact loading, the ice crystal structure of the sea ice is fully fractured, and
the brittle characteristics of the ice become more prominent—consistent with the observed
dominance of brittle crack propagation in the statistical results.

(a) 3 cm thick sea ice (b) 4.5 cm thick sea ice (c) 6 cm thick sea ice
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Figure 14. The statistical results of sea ice crack angles of three thicknesses.

3.2. Effect of Impact on Crack Length

The data results after image processing are processed and statistically estimated
by maximum likelihood estimation. The statistical results obtained are shown in the
following Figure 15. The three sets of statistical results are subjected to maximum likelihood
estimation statistics, and the obtained exponential distribution model is shown as follows.
The calculated rate parameters are shown in the following Table 4 [47].

—p1-1x
y=p1ge P (6)
(a) 3 cm thick sea ice (b) 4.5 cm thick sea ice (¢) 6 cm thick sea ice
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Figure 15. The statistical results of exponential distribution of three kinds of thickness ice plate.

Table 4. Rate parameter results under different conditions.

Specimen Specimen Specimen
Number B Number p Number B
1-3.0-0.3 0.0291 1-4.5-0.3 0.0329 1-6.0-0.3 0.0268
1-3.0-0.6 0.0324 1-4.5-0.6 0.0273 1-6.0-0.6 0.0230
1-3.0-0.9 0.0295 1-4.5-0.9 0.0166 1-6.0-0.9 0.0282
[-3.0-1.2 0.0331 [-4.5-1.2 0.0317 [-6.0-1.2 0.0378
1-3.0-1.5 0.0378 [-4.5-1.5 0.0413 1-6.0-1.5 0.0349
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15 sets of rate parameters obtained by maximum likelihood estimation under different
conditions, with an average value of 0.0311 and 95% confidence intervals of [0.0279, 0.0343].
From the maximum likelihood estimation (MLE) results, the -values across all test groups
range from 0.016 to 0.042, with minimal variations between groups. This indicates that
the crack length distribution of sea ice specimens is consistent across different test condi-
tions. Based on the statistical results and the corresponding model formula, crack length
probabilities follow a consistent pattern: specifically, a larger g-value corresponds to a
higher probability of short cracks and a lower probability of long cracks in the images, and
vice versa. As illustrated in Figure 15, the proportion of long cracks in sea ice specimens
of 3 cm, 4.5 cm, and 6 cm thicknesses are relatively low—indicating that long cracks are
scarce across all specimens, with the majority being short cracks. However, the length
proportion of cracks varies across groups under different impact velocities. For specimens
with a thickness of 3 cm, the B-values exhibit an overall upward trend with increasing
impact velocity. This confirms that for 3 cm thick sea ice, the rate parameter § increases
concomitantly with impact velocity, showing a consistent upward tendency. In contrast,
for specimens of 4.5 cm and 6 cm thicknesses, the B-values fluctuate as impact velocity
increases. These observations demonstrate that both impact velocity and sea ice specimen
thickness influence the length proportion of cracks.

3.3. Analysis of Kinetic Energy Dissipation

The following Figure 16a is the energy time history curve with the falling height of
1.5 m as an example. The whole impact process satisfies the law of conservation of energy.
The energy input to the ice sheet is the kinetic energy dissipated by the impact hammer.
The main paths are the kinetic energy obtained by sea ice and the internal energy of sea ice.
A part of the internal energy is stored in the sea ice unit in the form of elastic and plastic
strain energy. When it reaches the strain limit of the material, a part of the internal energy
is dissipated in the form of fracture energy through the new surface formed by crushing
cracks. The energy conservation formula is as follows.

Ewn = Exi + Eii + Ef )
@ Dissipation ratio of £,
(a) (b) (c) 9- Utilization ratio of £,
a-0.3m b-0.6m Linear fitting of £, dissipation rate
Ey E, c-0.9m d-1.2m 70
—E, —, : -

e-1.5m .
L 60 F
x o
x 30

10

0.4 0.6 0.8 10 0.2 0.4 0.6 0.8 1o 03 0.6 0.9 12 1.5
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Time (ms)
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Figure 16. Kinetic energy dissipation law: (a) Energy trend of impact load; (b) Kinetic energy
dissipation at different impact drop heights; (c) Kinetic energy dissipation law of impact hammer.

At 0.4 ms in Figure 16a, the sea ice plate exhibits its highest rates of kinetic energy
increase, internal energy, and fracture energy. After the change point, most of the energy
stored in the sea ice dissipates as kinetic and fracture energy, consistent with the behavior
of brittle materials. In Figure 16b, the kinetic energy dissipation curves for five working
conditions are presented. The absence of directional fixed constraints at the base of the
sea ice results in the impact hammer ceasing operation when the kinetic energy is fully
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dissipated, just prior to the fracture of the sea ice. The highlighted area in the figure
represents the interval from the moment the impact hammer contacts the sea ice until the
ice ultimately fractures. The remaining area corresponds to the kinetic energy wasted by
the ice plate following its failure. In the drop hammer impact test, this method is employed
to enlarge the circular damage zone at the center of the ice plate that is in direct contact
with the impact hammer. It is evident that as the initial kinetic energy increases—indicating
a higher load strain rate—the amount of kinetic energy dissipated also increases. Figure 16¢
illustrates the linear relationship between the kinetic energy dissipation rate and the kinetic
energy utilization rate. It is evident that as the drop height of the impact hammer increases,
the kinetic energy dissipation rate generally rises in a linear manner. The linear equation
derived from the data fitting is y = 42.98x + 3.73. Both the duration of kinetic energy action
and the amount of kinetic energy dissipation are contingent upon the initial velocity of the
impact hammer. Specifically, a higher initial impact velocity results in greater kinetic energy
dissipation and an extended duration of energy dissipation. Notably, despite the increase
in the kinetic energy dissipation rate with higher initial kinetic energy, the utilization rate
exhibits a downward trend. This suggests that an increase in impact kinetic energy does
not enhance its effective utilization rate. It demonstrates that during the impact loading
process, the sea ice in the 1.5 m group exhibits more brittle material characteristics, whereas
the 0.3 m group tends to display more ductile material characteristics.

3.4. Propagation Law of Crack

The dissipated fracture energy is used to quantify the damage degree of sea ice, and
the kinetic energy conversion rate is expressed by the ratio of the fracture energy dissipated
by the unit failure to the kinetic energy dissipation of the impact hammer for a period of
time. In order to quantify the crack propagation law, it is necessary to calculate the fracture
energy of the ice plate material for crack propagation. In the fracture mechanics theory of
brittle materials, the fracture energy is defined as follows:

Ef = g5 X Vegy (8)
gf = /O'usfdl/i (9)
The definition of kinetic energy conversion rate is as follows:
n =25 10
n(t) = AEy (10)
V,
v = % (11)

The event of the model and the time of the event are recorded in the solution result file
messag. The number of unit failures is counted and the following (Figure 17a—e) 5 diagrams
are drawn. The histogram represents the distribution of the number of new failed units in
time, and the curve represents the cumulative crack volume. The kinetic energy conversion
rate 77 under various working conditions is calculated, and a 3D waterfall diagram is drawn
to observe the law of # more intuitively.

Figure 17a—e illustrate the distribution of crack volume over time. Take Figure 16a
as an example, The kinetic energy imparted to sea ice 0.4 ms ago is converted into plastic
and elastic strain energy stored within the ice. During this interval, crack formation and
energy dissipation occur as fracture energy. As impact velocity increases, the rate of kinetic
energy dissipation rises linearly. The number of instantaneous failures per unit fluctuates
around 100 for drop heights ranging from 0.3 m to 1.2 m; however, at a height of 1.5 m,



J. Mar. Sci. Eng. 2025, 13, 2259

15 of 20

Failure Element

Failure Element

failures peak at 220. Sea ice exhibits a stable response within a specific range of impact
velocities; beyond this range, crack propagation accelerates, and the growth of cumulative
crack volume deviates from linearity as kinetic energy dissipates.
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Figure 17. Sea ice crack evolution and time distribution and # at different impact heights:
(a—e) Number of failed sea ice units and changes in crack volume at different falling heights. (f) The
evolution law of sea ice  at different impact heights.

1 represents the degree of energy conversion of sea ice plates over time. The graph
indicates that the overall trend of 7 is consistent and shows no correlation with the initial
impact kinetic energy. Three distinct peaks are observed within the 0-1 ms range, located at
the front, middle, and back positions of the curve. The first peak arises from the compression
of the ice body when the impact hammer initially contacts the ice plate, resulting in the
formation of a pit. During this phase, no significant tensile cracks develop in the sea ice.
The second peak marks a transition point where the ice plate shifts from ductile to brittle
behavior. Beyond this point, numerous tensile cracks begin to propagate in a specific
direction on the ice plate, consistent with the characteristics of brittle failure. The third
peak results from crack propagation predominantly driven by tensile failure, with minimal
reliance on the dissipation of kinetic energy from the impact hammer.

To investigate the crack propagation rate law of sea ice subjected to low-speed impact
loads, Figure 18 illustrates the crack propagation rate across five distinct impact velocities.
In Figure 18a, the X-axis represents kinetic energy dissipation, while the Y-axis indicates
crack propagation velocity, measured in cm3/ps. Each point on the curve reflects the spatial
relationship between kinetic energy and crack propagation velocity at specific moments
within the 1 ms range in a two-dimensional rectangular coordinate system, with each peak
corresponding to the crack propagation velocity at a given time node. In Figure 18b, the
X-axis denotes time, expressed in micro-seconds (s).

As illustrated in Figure 18, the peaks occur at the midpoint as kinetic energy dissipates,
and the overall crack growth rate stabilizes when the drop height is less than 1.2 m. The
crack growth rate exhibits three distinct stages during the dissipation of kinetic energy.
Taking the working conditions of Group b as an example, the first stage is characterized by
a steady fluctuation of the expansion speed within a specific range, indicating relatively
stable expansion rates. Following the peak, the second stage commences, during which the
expansion rate fluctuates between 0.27 and 0.77 cm?/us. Stage Three: During this stage,
the crack propagation rate exhibits a downward trend. Generally, the crack propagation
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rate reflects the damage mode of sea ice subjected to impact loading. Analysis of the b,
¢, and d groups reveals that the propagation rate curves each display two peaks. These
peaks arise from two distinct failure modes induced by compression and tensile waves: the
circular pit opening resulting from compression failure and the radial and circumferential
cracks generated by tensile failure. The two peaks observed in Group e are nearly identical,
resulting from the proximity of the compression wave and the stretching wave in the time
domain. In contrast, Group a displays only a single peak due to the low peak value of the
stretching wave, which renders it less discernible in the graph. Notably, the peak crack
growth rates for all groups, with the exception of e group, fluctuated between 0.75 and
1 cm?®/ps. In comparison, the peak crack growth rate for Group e was nearly double that of
the other groups. This exceptionally high crack growth rate is indicative of brittle fracture.
These findings further substantiate the notion that sea ice materials undergo ductile-brittle
transformation when subjected to loading at varying strain rates during low-speed impacts.

(a) (b)

20+ a-0.3m
—a—b-0.6m
—a—¢-0.9m
——d-12m
—a—e-1.5m

Crack propagation speed (cm®/ps)
Crack propagation speed (cm]/ps)

1 1 1 1 . 1

140 120 100 80 60 40 20 O 0 200 400 600 800 1000

Kinetic energy (J) Time area (us)

Figure 18. Sea ice crack propagation velocity of kinetic energy dissipation process: (a) Sea ice crack
propagation velocity at different impact heights (under kinetic energy evolution); (b) Sea ice crack
propagation velocity at different impact heights (under time evolution).

4. Discussion

The dynamic behavior of sea ice is elucidated by the stress wave action law, which
illustrates the mechanism of crack initiation. Upon impact by a drop hammer, a strong
stress wave is generated, leading to the formation of a crushing cone beneath the impact
site. Near the free boundary, the reflected tensile wave readily initiates radial cracks.

Figure 19 is the pressure cloud map of the ice plate with a thickness of 6 cm. Taking
group a as an example, 0.2 ms shows that with the application of impact load, the crushing
cone begins to appear in the center of the ice plate, and the surrounding ice body begins to
be compressed. The compression wave propagates to the free surface, and the compression
wave reaches the free surface at about 0.6 ms. The tensile wave is reflected by the free
surface to form a pressure extension zone, and the 0.8 ms crack is basically formed. It can be
observed from Figure 19 that the unit around the crack propagation front is accompanied
by a blue tensile stress field, and the crack propagation direction is from the crack tip to the
free surface. There is a funnel-shaped red pressure extension zone.

Figure 20 presents stress—time history curves for elements along the x and y axes,
using the e group as an example, with observation points spaced 1.5 cm apart. In the
y-axis direction, where compression directly impacts, the stress curve resembles that of
uniaxial compression, featuring elastic, compaction, and failure phases. This indicates
energy storage and material toughness, consistent with the rising section in Figure 17e. The
material stores energy and fails under compression when subjected to a low-speed impact
load. Stress along the x-axis is perpendicular to the impact. A stress—time curve reveals



J. Mar. Sci. Eng. 2025, 13, 2259 17 of 20

that crack expansion begins at 0.4 ms, peaking between 0.35 and 0.55 ms, indicating the
most severe damage to the ice plate. Compression and reflected tensile waves produce
mixed-mode cracks (types L II, and III), evident as double peaks during the stress wave
stages. Further damage occurs in the front and back segments over 0.6 ms due to the
influence of vibration waves. Combined with the above phenomena, stress wave action,
crack propagation law, kinetic energy dissipation and other results, it is considered that the
sea ice material has a ductile-brittle transition phenomenon under the conditions of strain
rate and stress wave action stage. When the strain rate is constant, taking the e group as an
example, at the time scale, the ice plate is in the energy storage stage until 0.33 ms after the
impact. The material belongs to the ductile feature, 0.33~0.55 ms basically completes the
transition from toughness to brittleness, and the post-peak sea ice plate is almost brittle;
under the condition of strain rate, especially when the initial kinetic energy reaches 140 J,
the peak value of crack velocity of sea ice plate is twice that of other groups, and the crack
volume also increases from 360 cm? to 720 cm?®, which is also the behavior of ductile-brittle
transition of materials.
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Figure 20. Stress wave action and free surface strain cloud diagram.

Sea ice material undergoes a ductile-to-brittle transition influenced by different strain
rates and stress wave actions. For example, in the e group, the ice plate transitions from
ductile to brittle behavior between 0.33 ms and 0.55 ms after impact. At a constant strain
rate, when the initial kinetic energy is 140 ], both the crack velocity and the volume of the
sea ice plate reach their maximum, signifying the shift from ductile to brittle characteristics.
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5. Conclusions

Cracks in sea ice plates of varying thicknesses were quantified using image processing
techniques following low-velocity impacts. The analysis encompassed crack length, angular
distribution, and statistical modeling. A finite element numerical simulation was employed
to reconstruct the impact process on a 6 cm thick sea ice plate, which was validated by
the fracture strength factor. This study elucidated the ductile-brittle transition mechanism
in sea ice through an examination of kinetic energy dissipation and crack propagation.
Key conclusions:

(1) A combined approach utilizing Hessian matrix filtering and the Hough transform
effectively identifies and quantifies sea ice cracks. The morphology of these cracks ex-
hibits central symmetry, with the majority oriented horizontally. Thinner sea ice plates,
measuring 3 cm in thickness, develop a greater number of cracks, including microcracks,
following impact.

(2) Higher initial kinetic energy results in greater kinetic energy dissipation and an
extended duration of dissipation during low-velocity impacts. However, the effective
utilization rate of kinetic energy diminishes as impact kinetic energy increases. The kinetic
energy conversion rate (7) is linked to the mode of crack formation rather than the initial
kinetic energy.

(3) At an initial kinetic energy of 140 J, the peak crack velocity of the sea ice plate is
twice that observed in the other test groups. This finding suggests that sea ice demonstrates
ductile-brittle transition behavior under the strain rate conditions associated with low-
velocity impact.

(4) In the context of a constant strain rate, the ice plate, with a focus on a 1.5 m
group, demonstrates ductile characteristics during the energy storage phase until 0.33 ms
post-impact. The transition from ductility to brittleness occurs between 0.33 and 0.55 ms,
resulting in the post-peak sea ice sheet being predominantly brittle.
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Nomenclature

Nomenclature E¢ The fracture energy ()

Ixy derivative of scale space g¢  Fracture energy of unit volume crack (J)
G  Gaussian function Vet Effective damage volume (md3)

Ky The strength factor of mode I crack a Crack length (cm)

po Material density (kg/ md) At Time

G  Elastic modulus (GPa) ty  Hough threshold

Y  Yield stress (MPa) Greek symbols

P Plastic hardening modulus (GPa) ¥  Space scale factor

B Buik modulus (GPa) B The rate parameter

Eyn, The kinetic energy dissipated of impact hammer (J) #  Kinetic energy conversion rate
Ey; The kinetic energy obtained of ice plate (]) o Stress

E;i The internal energy of the ice plate (J) € Strain
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