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Abstract: Icebreaking by using underwater explosion bubbles and compressed high-pressure gas
bubbles has gradually become an effective icebreaking method. In order to compare the damaging
effect of these two methods on the ice body, a fluid–structure coupling model was established based
on the arbitrary Lagrangian–Eulerian (ALE) method and a series of calculations were carried out.
The morphological changes of underwater explosion bubbles and compressed gas bubbles at the
same energy under the free surface; the changes of flow load near the rigid wall; and the damage
caused to the ice plate were studied and compared. The damage effect of the ice plate was analyzed
by detecting the number of failure elements of the ice plate, and the optimum standoff distance was
found. For an ice plate with a radius of 0.19 m and a thickness of 0.15 m, the optimum standoff
distance of the compressed gas bubbles with 120 J is 0.03 m, and the optimum standoff distance of
the TNT with 120 J is 0.02875 m. The similarities and differences of the two sources of bubbles on ice
plate damage were summarized.

Keywords: icebreaking; underwater explosion bubble; compressed gas bubble; bubble dynamics;
numerical simulation; ALE

1. Introduction

Icebreaking in the Arctic has always been a difficult problem. Traditional icebreaking
methods mainly rely on their strength to hit the ice; icebreaking efficiency is low and there
is a risk of hull rupture [1–3]. Underwater explosives have become a new icebreaking
method due to developments in science and technology. In recent years, a high-pressure
bubble icebreaking method was developed [4–6]. Studies have shown that, among other
advantages, the new icebreaking method has directionality [7,8], and is safe and pollution-
free [9].

Underwater explosive icebreaking has been widely used to break river ice. Niko-
laev [10] proposed using spaced explosions for directional icebreaking to clear channels. At
the U.S. Army Cold Regions Research and Engineering Laboratory (CRREL), Mellor [11,12]
analyzed the effect of the explosive weight, the submergence depth of the charge and the
thickness of the ice sheet to the ice-breaking radius by summarizing the past experimental
data. The dimensionless and regression analysis of the data was carried out, and the
empirical formula affecting the ice-breaking radius was finally obtained. Wang et al. [13]
carried out an offshore test of icebreaking by underwater explosions, and the correlations
between different factors of explosive mass, blast distance, ice thickness, and icebreaking
radius were calculated with the outfield test and grey system theory. The influence and
relationship between the three factors of ice were derived, providing new insights for the
optimization of underwater blasting icebreaking parameters.

The development of high-pressure bubble icebreaking methods as an alternative to
underwater explosive icebreaking was necessary, due to the unsafe nature of explosive
operations and the harmful substances released into the environment.
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Due to the complexity of high-pressure icebreaking technology, there are very few
studies in the early research literature. Mellor and Kovacs [14] used compressed air and
carbon dioxide blasting devices in New Hampshire and Alaska on frozen lakes; it was
found that the ice was mainly damaged in terms of bending strength when gas-blasted,
and that the diameter of the ice fragments was also larger. In recent years, the concept
and connotation of high-pressure gas bubble icebreaking methods have been enriched
based on their predecessors. In experiments, electric bubbles and high-pressure air gun
bubbles are often used as the bubble source in icebreaking experiments with high-pressure
bubbles. Zhang et al. [15–18] provided a strong research basis and theoretical support for
experimental research on the coupling of high-pressure bubbles and structures. Cui et al.,
Yuan et al., and Ni et al. [4,8,19] carried out icebreaking experiments with an electric bubble
and carefully observed the changes in fluid pressure from the creation to the collapse of the
bubbles. These studies include the first shockwave, jet, and second shockwave loads, as
well as the changes in ice cracking under the action of these loads. They summarized four
damage mechanisms of the ice under different parameter combinations and the influence
of initial ice plate defects on the icebreaking effect of high-pressure bubbles. Wu [20], part
of this paper’s research team, investigated the effect of the dimensionless parameter of the
high-pressure air gun on the icebreaking of high-pressure bubbles with high-pressure air
gun icebreaking experiments. All the above studies prove the feasibility of high-pressure
bubble icebreaking and analyze the parameters that affect high-pressure bubble icebreaking.

Numerical simulations can help to avoid the use of costly and dangerous experiments
and help to guide engineering applications. The numerical simulation method of under-
water explosion icebreaking has become mature. Zhou et al. [21] used the CEL algorithm
to establish a dynamic response model of underwater explosion ice and bubble ice and
mainly observed the damage to ice caused by shockwaves. Based on the one-dimensional
stress wave propagation theory, Zhang et al. [22]established a numerical model of the
shock wave–ice and bubble–ice coupling effect for the action of ice layer damage with a
near-field underwater explosion.. He obtained the law and mechanism of ice damage and
crack extension under near-field underwater explosions. The above studies on explosion
icebreaking in the microscopic field have great limitations. Wang et al. [23,24] analyzed the
influence of spherical, cubic, and cylindrical explosives on underwater explosions and air
contact explosions on ice cover damage using the ALE method. Wang et al. summarized
the critical value of explosive icebreaking dosage, which was in good agreement with the
experimental results and had great significance for engineering practices. There are few
studies on the numerical simulations of high-pressure bubble icebreaking. Ni et al. [4] used
the boundary element method (BEM) to simulate bubble loading and the peridynamic
method (PD) to simulate sea ice, briefly modeling the fragmentation behavior of ice caps
under bubble jet loading. Kan et al. [7] used the BEM with PD to establish a bubble–ice
interaction model, and the numerical simulation results were compared with the electric
bubble experiments to investigate some of the parameters affecting the growth of ice cracks.
When the BEM-PD method was used, the ice plate under bubble loading showed the
phenomenon of “circumferential cracks” and then “radial cracks”. This phenomenon is
contrary to conventional knowledge, indicating that further research is still needed on
the fine numerical simulation of sea ice behavior. At present, it is reasonable to study the
dynamic response of ice under strong transient loads based on the ALE method. This is
because an underwater explosion, as well as the pulsation of compressed gas bubbles, are
processes where a large amount of energy is suddenly released in a very small water area,
so the process of fluid–solid coupling involves large deformation of the structure, nonlinear
damage, and other problems. The arbitrary Lagrange–Euler method (ALE) calculation
can better deal with the large deformation of the fluid–structure coupling mesh [25,26].
Therefore, in this paper, the ALE method of LS-DYNA was used to simulate the interaction
of an underwater explosion, compressed gas bubbles, and ice structure.

The morphological changes and load characteristics of underwater explosion bub-
bles and compressed gas bubbles are different, so the damaging effect of ice plates is
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different. Previous simulation studies of underwater explosions and high-pressure bubble
icebreaking lack quantitative indicators of the icebreaking effect and detailed analysis of
the icebreaking mechanism. Moreover, there are few records on the comparative study
of the underwater explosion icebreaking effect and the high-pressure bubble icebreaking
effect. Therefore, the damage process and damage mechanism of ice caused by underwater
explosion bubbles and compressed gas bubbles are numerically simulated in this paper,
and the damage rules caused by the underwater explosion and high-pressure bubbles to the
ice plate under different parameters are studied, as well as the similarities and differences
between them. The aim is to provide a reliable theoretical basis and guidance for the
practical application of icebreaking engineering.

2. Numerical Models and Computational Modeling
2.1. ALE Methodology

The simulation of large deformations requires the characterization of dynamic integrals
and more accurate time steps. An ALE method was applied to carry out the hydrodynamic
simulation within LS-DYNA 2020R2 [27]. The Lagrangian method is most often used to
simulate deformations of structures, but its simulations with severe mesh deformations
may lead to errors; the Eulerian method is suitable for simulating large deformation
problems but requires more arithmetic power. In an ALE method calculation, the mesh can
move in any form in space, independently of the space and material coordinate system;
therefore, appropriate mesh motion forms can be specified to accurately describe the
moving boundary of the material, and the ALE method can also be regarded as an algorithm
for auto-updating mesh reconstruction technology.

The governing equations of the ALE algorithm include the mass, momentum, and
energy conservation equations, which are expressed as [28]:(

∂ρ

∂t

)
k
+ ci

∂ρ

∂xi
+ ρ

∂vi
∂xi

= 0 (1)
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where ρ denotes the reference structural density, ci is the difference between the velocity of
the material and the velocity of the grid; σi is the structural stress tensor; fi is the strain
per unit mass; e is the internal energy per unit mass; and qi is the heat flux [28].

2.2. Material Modeling
2.2.1. TNT

TNT underwater explosions generate a large amount of energetic gas, which triggers
a shockwave and bubble pulsation. The Jones–Wilkins–Lee (JWL) equation of state (EOS)
was used to calculate the expansion of detonation reaction products from chemical equilib-
rium to large volume. It is often used in the calculation of high explosive products (and
sometimes reactants) [29,30]:

P = A
(

1 − ω

R1V

)
e−R1V + B

(
1 − ω

R2V

)
e−R2V +

ωE
V′ (4)

where E is the internal energy per unit of the initial volume; V is the specific volume of the
detonation products; A, B, ω, R1, R2 are material constants obtained from experimental
data; A, B are pressure coefficients; and ω is the fractional part of the adiabatic exponent
of the Tait equation. The material parameters required in the material equation and the
equation of state material constants are shown in Table 1 below [31].
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Table 1. TNT parameters.

ρ/(kg/m3) A(Pa) B(Pa) R1 R2 ω E(J/kg)

1630 3.71 × 1011 3.21 × 109 4.15 0.95 0.3 7 × 109

2.2.2. Air and Compressed Gas

In this paper, compressed air was used instead of high-pressure bubbles generated
by high-pressure air guns. The ideal gas equation of state is mostly used in LS-DYNA
to simulate air. Alia and Souli used a linear polynomial equation of state expressing the
gamma law equation of state to simulate the gas ideal gas equation of state [32]:

P = c0 + c1µ + c2µ2 + c3µ3 +
(

c4 + c5µ + c6µ2
)

ρ0E0 (5)

µ =
ρ

ρ0
− 1 (6)

where P represents the pressure; c0, c1, c2, c3, c4, c5, c6 are constants; ρ0 is the density of the
ideal gas in the standard state; E0 is the initial internal energy per unit volume; µ is the
volume parameter; and ρ is the current density. When c0 = c1 = c2 = c3 = c6 = 0 and
c4 = c5 = γ − 1 is the optimal value of the simulated ideal gas, γ is the gas degree of
freedom, which is 0.4:

P = (γ − 1)
ρ

ρ0
E (7)

V0 =
ρ0

ρt=0
=

vt=0

v0
(8)

where P is the current gas pressure; E is the current energy of the gas; and ρ is the current
density. The initial gas internal pressure can be inferred from the initial density. V0 is the
initial relative volume; vt=0 is the initial gas volume; v0 is the volume of gas in a standard
state; ρt=0 is the initial gas density; and ρ0 is the density of gas in a standard state. V0
and E0 need to be deduced according to the actual working conditions. The numerical
simulation is adiabatic, and heat dissipation is not considered. The material properties of
ideal air and compressed gas are the same, and the specific V0 and E0 need to be calculated
in actual working conditions. The material parameters for ideal air are as follows in Table 2.

Table 2. Ideal air parameters.

ρ/(kg/m3) c0 c1 c2 c3 c4 c5 c6 E0(Pa) V0

1.225 0 0 0 0 0.4 0.4 0 2.5 × 105 1

2.2.3. Water

The compressibility of fluids needs to be considered when confronted with high-
velocity shock problems. In this paper, the Mie–Gruneisen equation was used to calculate
the dynamics of water in response to high-velocity transient loading [33]:

P =
ρ0C2µ

[
1 +

(
1 − γ0

2
)
µ − a

2 µ2][
1 − (S1 − 1)µ − S2

µ2

µ+1 − S3
µ3

(µ+1)2

]2 + (γ0 + αµ)E (9)

where E is the initial internal energy per unit volume; C is the intercept of the µs
(
µp

)
curve;

S1, S2 and S3 are the slope coefficients of the µs
(
µp

)
curve; γ0 is the unitless Gruneisen

gamma; α is the first-order volume correction factor for γ0; and µ is the volume parameter.
The equations of state and material parameters are listed below in Table 3 [34]:
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Table 3. Water parameters.

ρ/(kg/m3) S1 S2 S3 γ α

1025 2.56 −1.986 0.2268 0.4934 0.0

2.2.4. Ice

The mechanical characteristics of ice are very complex; therefore, the ice constitutive
model has been the focus of ice engineering research. Engineers usually consider the
elastic–plasticity of ice in their mechanical analyses. The main research content of this
paper is the dynamic response and damage mechanism of ice under a transient impact load,
so we used the elastic–plasticity model in LS-DYNA to study the mechanical properties of
ice [35–37]. This material model can provide a good simulation of the ice crack generation
and expansion, and the arithmetic cost is relatively low. In the model, the yield stress is:

σy = σ0 + βEpεD
e f f (10)

where σy is the yield strength; σ0 is the initial yield strength; Ep is the plastic hardening
modulus; εD

e f f is the effective plastic strain; and β is the isotropic variation parameter.
*MAT_ISOTROPIC_ELASTIC_FAILURE model assumes that the ice is isotropic, β = 1, the
Ep can be obtained by Equation:

Ep =
EEt

E − Et
(11)

where Et is the tangential modulus and E is the modulus of elasticity. The equations of
state and material parameters are listed below in Table 4.

Table 4. Ice material parameters.

ρ
(kg/m3)

Young’ Modulus
(GPa) Poisson’s Ratio Failure Strain Tension Strength

(MPa)

900 6.25 0.33 0.35 −2

2.3. Validation of Numerical Methods

Figure 1 shows the schematic diagram of the numerical simulation model, which is
mainly composed of air, water, compressed gas bubble/TNT, rigid board/ice/free surface.
Specific working conditions are described at the beginning of each section below.
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2.3.1. Mesh Independence

Calibrating the specific size of the numerical model enables economical and accurate
calculations, so the specific size of the grid to be used was decided by mesh convergence.
Adopting the similar model mentioned above, a spherical TNT was placed underwater
and detonated, and the meshes of 2.0 mm, 1.5 mm, 1.25 mm, and 1.0 mm were selected
for calculation. The curves of bubbles’ volume change were extracted from the calculation
results, as shown in Figure 2. The bubble volume time curves almost coincide when the
1.0 mm and 1.25 mm mesh are used, which verifies the independence of the mesh. In
consideration of calculation time, we used a 1.25 mm mesh for numerical simulation.
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2.3.2. Validation of TNT Underwater Explosion Bubble Model

In order to verify the effectiveness of the ALE method in simulating underwater
explosion bubbles, the numerical simulation results were compared with the experimental
results of Klaseboer [38]. The test was conducted as follows: 55 g of TNT was placed in a
pond with a diameter of 18 m and a water depth of 7 m and detonated at a water depth
of 3.5 m. The numerical model used a quarter model, comprising 10 m × 10 m × 10 m of
water and 10 m × 10 m × 0.5 m air, and the overall model scale was 20 m × 20 m × 10.5 m,
as shown in Figure 3.
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Table 5. Model and mesh parameters.

Media Model Size Mesh Size Mesh Type Boundary Condition

Air 10 m × 10 m × 0.5 m 0.0125 m Hexahedral
mesh

Non-reflective
boundary

Water 10 m × 10 m × 10 m 0.0125 m Hexahedral
mesh

Non-reflective
boundary

The dynamic behavior of underwater explosion bubbles (later referred to as UEXB) is
very complex. At the end of the detonation, the bubble contains extremely high-pressure
gas and begins to expand rapidly. Due to the role of inertial forces, the bubble continues
to expand. When the bubble expands to the maximum value of the volume, the bubble’s
internal pressure is less than the ambient pressure of the surrounding waters, the bubble
enters the contraction phase. A comparison of the numerical results with the experimental
results showed that the maximum radius was slightly smaller, with an error of 5.4%; the
maximum radius time was slightly smaller, with an error of 1%. Underwater explosions
produce shockwaves as well as bubbles. As is well known, shockwave propagation char-
acteristics are usually compared with the published empirical formula [13]. Compared
with Cole’s empirical formula calculation results [39], the error of the numerical simulation
pressure at 0.15 m and 2.0 m horizontal distance from the explosive center is 5.5% and 3.4%,
respectively. The comparison image is shown in Figure 4. There were many reasons for this
error, such as mesh problems, energy dissipation, not considering heat consumption, and
so on. However, the error between the basic change of the bubble and the experimental
results was very small, indicating that this model could be used in the study.
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2.3.3. Validation of Compressed Gas Bubble Model

As with the previous ALE simulation, explosive products are often used to replace
high-pressure bubbles. The compressed gas bubble (later referred to as CGB) used in
this paper was the equivalent high-pressure air bubble before the bubble occurs in the
high-pressure air gun, which was more in line with a realistic scenario using high-pressure
air guns. This paper assumes that the working conditions occur at an ambient temperature
and normal pressure with no heat dissipation.

The data on high-pressure bubbles were obtained from the air gun bubble icebreaking
mechanism experiment conducted by Wu, a member of our research team [20]. The
experimental test was conducted as follows: a spherical compressed gas with an internal
pressure of 1.52 Mpa and a radius of 0.012 m was used with a fixed rigid board was placed
on the surface and the compressed gas was placed 0.052 m below the center of the rigid
board. The specific numerical model is shown in Figure 5.
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The grid and model details are shown in Table 6 and Figure 6.

Table 6. Model and mesh parameters.

Media Model Size Mesh Size Mesh Type Boundary Condition

Air 0.4 m × 0.4 m × 0.2 m 0.00125 m Hexahedral
mesh

Non-reflective
boundary

Water 0.4 m × 0.4 m × 0.2 m 0.00125 m Hexahedral
mesh

Non-reflective
boundary

Rigid circular
board

Radius 0.19 m
Thickness 0.15 m 0.00125 m Hexahedral

mesh Rigid fixing
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The numerical simulation results show that the maximum bubble radius is 0.035 m.
Because the air gun interfered too much with bubble formation in the experiment, a pear-
shaped bubble was produced; therefore, the long diameter and short diameter of the bubble
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were averaged to 0.034 m. The numerical simulation results were in good agreement with
the experimental results.

Figure 7 shows the time–pressure curve extracted under the center of the rigid board.
The bubble pulsation period in the experiment and numerical simulation is almost the
same. The peak value of the shockwave load produced by the simulated compressed gas
bubble was basically the same as that in the experiment, with an error of 4%, which could
have been caused by the energy loss of the material transferring through the mesh in the
numerical simulation, and the measurement accuracy of the experiment. The jet pressure
generated in the experiment was higher than that of the numerical simulation results due to
the bubble gun giving an initial velocity to the high-pressure gas, resulting in a gas jet load
and bubble collapse jet load superposition effect, so the experimental jet load was higher
than that of the jet load in the numerical simulation. This was also one of the reasons for
the “pear-shaped bubbles” in the experiment.
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2.3.4. Validation of Compressed Gas Bubble-Ice Coupling Model

The rigid board was replaced by an ice plate constructed from FEM meshes, and
two simulations were carried out to verify the validity of the numerical model. The
experiment conditions from Wu were set as follows: H = 0.53, T = 0.27; H = 0.59, T = 0.17
(H = h/dmax, T = t/dmax, where h is the distance between the lower surface of the
ice plate and the upper surface of the exhausting port; t is the ice thickness; and dmax
is the maximum bubble diameter) [20]. The simulation conditions were set as follows:
bubble internal pressure was P0 = 1.40 Mpa; burst distance hdeep was selected as 49.18 mm;
ice thickness tice was selected as 12.30 mm; the ice plate radius was 190 mm (H = 0.8,
T = 0.21); the bubble internal pressure was P0 = 5 Mpa; burst distance hdeep was 36 mm;
ice thickness tice was 15 mm; and the ice plate radius was 190 mm (H = 0.4, T = 0.17) for
the numerical simulation. Wu obtained two classical images of ice failure cracks under
these two experimental conditions, so these two similar conditions were selected for the
simulation [20]. The grid and model details are shown in Table 7.

Table 7. Model and mesh parameters.

Media Model Size Mesh Size Mesh Type Boundary Condition

Air 0.4 m × 0.4 m × 0.2 m 0.00125 m Hexahedral
mesh

Non-reflective
boundary

Water 0.4 m × 0.4 m × 0.2 m 0.00125 m Hexahedral
mesh

Non-reflective
boundary

Rigid ice plate Radius 0.19
Thickness 0.15 m 0.00125 m Hexahedral

mesh Free-floating
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Due to the randomness of the bubbles in the icebreaking process, the evolution form of
the ice body damage pattern was the same, and the specific crack was different. In addition,
the comparison between the numerical simulation and the experimental results showed
that the ice plate used in the numerical simulation was symmetrical and uniform, so the
cracks were mostly regular, which was difficult to achieve in the experiment. Therefore, due
to the difference between the randomness of the cracks and the inhomogeneous mechanical
properties of the ice body, it was more important to focus on the damage pattern of
the cracks rather than the specific crack properties in the study, which was previously
discussed by Li and Chen; Rabczuk; Seagraves and Radovitzky; and Yuan [40–43]. This
also confirmed the complex mechanical properties of the ice under impact loads. In Case
1, there was a simple radial crack (later called RC), and in Case 2, there were radial and
circumferential cracks (later called CC). The comparison image is shown in Figure 8. Due
to errors in the numerical simulation, the dimensionless numbers H and T obtained after
the calculation were different from those set in the experiment, but they all conformed to
the rules summarized by Wu [20].
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3. Numerical Simulation Results and Discussions
3.1. Characterization of the Compressed Gas Bubble and TNT Underwater Explosive Bubble

This section mainly shows the bubble pulsation period, bubble volume change, bubble
form change, and the flow-field load of the two bubble pulsation processes. The simulation
conditions were set as follows: a water domain of 0.3 m × 0.3 m × 0.3 m; 0.1 m burst
distance from the free surface; a fixed rigid plate placed on the surface; and an 0.025 m
burst distance from the center of the plate. The internal energy of both bubbles was 120 J.
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An underwater explosion is a transient and intense chemical reaction process that can
be roughly divided into three stages based on the temporal progression of underwater ex-
plosion events: the detonation of explosives, the formation and propagation of shockwaves,
and the pulsation of gas bubbles [44,45]. The rapid chemical reaction process in which
explosives (solid, liquid, or gaseous) transform into high-temperature and high-pressure
gases is referred to as detonation. Once the detonation process of explosives is completed,
simultaneously with the formation of the initial shockwave, the high-temperature and
high-pressure detonation gas begins to expand, forming a bubble. Due to the inertial effect
of expansion, the internal pressure of the bubble will fall below the external pressure and
begin to collapse. The pulsation processes of CGB and UEXB are similar, except that the
release of high-pressure gas in the water does not involve a detonation process. The bubble
expansion occurs solely due to the initial pressure difference between the inside and outside
of the bubble. The grid and model details are shown in Table 6.

In order to compare the similarities and differences between the two types of bubbles,
by adjusting E0 in Formula (5), the initial internal energy of the CGB and TNT was adjusted
to be the same, both being 120 J, and they were subjected to free oscillations in underwater
conditions at the same immersion depth. Figure 9a displays the time–energy curve of the
two bubbles. As time progresses from t = 0 ms to 0.05 ms, the TNT released 78.3% of
its energy, reducing the energy of the explosion products to 26 J, after which the rate of
energy released sharply decelerates. Due to the absence of a detonation phase in the CGB,
the time-energy curve for the CGB exhibits a slow, smooth decline with initially higher
curvature followed by lower curvature.

Figure 9b shows the time–volume curves of the two bubbles. At 4.1 ms, the UEXB expanded
to the maximum volume, and the maximum volume of the bubble Vmax = 1.13× 10−4 m3; at
5.4 ms, the CGB expanded to its maximum volume, Vmax = 2.16 × 10−4 m3. There was a
significant difference in the volumes of the two bubbles, with the CGB taking a longer time
to reach its maximum volume compared to the UEXB, and its volume was approximately
twice that of the UEXB. Figure 9c shows the pressure–time curve at the horizontal distance
0.045 m from the detonation point. It can be seen that there is a relationship between the
energy release rate and shockwave peak value.

Figure 9d shows the bubbles’ morphology changes with time. It can be observed
that at the time of 0 ∼ 2 ms, both bubbles were in their initial development stage, and
their volumes were quite similar. At 4.1 ms, the UEXB had already reached its maximum
volume, while the CGB was still expanding. At 5.4 ms, the CGB reached its maximum
volume, while the UEXB was contracting due to the pressure difference between the inside
and outside of the bubble. At 8.5 ms, the UEXB had contracted to its minimum volume.
At 11 ms, the CGB had contracted to its minimum volume. The UEXB had a first bubble
pulsation period of 8.5 ms, while the CGB had a first bubble pulsation period of 11 ms,
indicating a significant difference between the two. Both formed annular bubbles due to
the action of the Bjerknes force at the free surface and gravity, creating downward jets [46].

In previous studies, An et al. proposed that the energy ratio of shockwave generation
and dissipation to the total energy from underwater TNT explosions was 56.3% [47]. This
indicates that the majority of the energy released during an explosion is utilized for the
transmission and dissipation of shockwaves, with only a small portion of the energy used
for bubble expansion. In contrast, GCB lacks a detonation phase, resulting in smaller
shockwave generation, and most of its energy is directed towards bubble expansion. Gong
demonstrated a correlation between the bubble pulsation period and the maximum vol-
ume achieved during the bubble pulsation process. He conducted experiments involving
electrical sparks, laser-induced bubbles, and explosive bubbles, demonstrating that bubbles
originating from different sources exhibit similar pulsation periods when they attain the
same maximum volume, i.e., the time taken to reach the maximum bubble radius is simi-
lar [48]. Due to the significant difference in internal energy per unit between compressed
air and TNT, a larger volume is required to achieve the same initial conditions of internal
energy. Consequently, the resulting CGB maximum volume after expansion will also be
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larger. Therefore, the time required to reach the maximum bubble radius will be longer, i.e.,
the period will be longer, which is also in line with the results of previous studies.
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Figure 9. Comparison of two types of bubbles with the same initial internal energy: (a) the time-
energy curve of two bubbles; (b) the time-volume curves of two bubbles; (c) the time-pressure curve 
of two bubble flow fields; and (d) morphological changes of two type of bubbles. 

Figure 9. Comparison of two types of bubbles with the same initial internal energy: (a) the time-
energy curve of two bubbles; (b) the time-volume curves of two bubbles; (c) the time-pressure curve
of two bubble flow fields; and (d) morphological changes of two type of bubbles.

Figure 10 shows the time–pressure curves of the flow field under the plate during the
bubble pulsation processes. Under the given conditions, the peak value of the underwater
explosion shockwave is about 2.5 times that of the compressed gas bubble shockwave.
During the detonation phase of the TNT, in addition to the shockwave propagated outward
during the explosion process, the UEXB formed by the detonation products also generates
outward shock loads [39]. Underwater TNT explosions release internal energy at a much
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higher rate than compressed gas bubbles [49]. This results in the shockwave load generated
during underwater explosions being greater than the shockwave load generated by CGB
pulsations. When a bubble collapses to its minimum size and then starts to expand, it can
generate secondary shockwaves [50]. The timing of these secondary shockwaves may not
necessarily align with the formation of the jet produced after the collapse of the bubble. The
time of the secondary shockwave cycle was judged according to the third shockwave cycle.
Lauterborn pointed out that bubbles with higher curvatures on their surfaces collapse more
rapidly and are more prone to forming high-speed jets. This phenomenon can be explained
by the proportional relationship between the bubble’s motion period and its radius [51].
Li [52] proposed that the velocity of bubble jets depends on the acceleration process of the
jet. For smaller standoff distances, the bubble jet initiates earlier, and the acceleration time
of the jet is relatively shorter, resulting in a relatively lower maximum jet velocity. Under
the same energy conditions, the CGB bubbles have a significantly larger volume compared
to the UEXB. Due to their proximity to the wall, the development of jet acceleration is
incomplete, resulting in a smaller peak load for the CGB. However, the interaction time
between the secondary shockwaves and the jet load is longer, which is consistent with the
experimental observations by Wu [20].
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3.2. Damage to Ice by Compressed Gas Bubbles and TNT Underwater Explosion Bubbles

This section demonstrates the damage inflicted on a circular ice plate by the shock-
waves and bubble expansion effects generated during the pulsation processes of two types
of bubbles. The dynamic structural response of the ice throughout the entire process was
computed through numerical simulations, and their respective impacts on ice plate dam-
age were analyzed. The simulation conditions were set as follows: a water domain of
0.4 m × 0.4 m × 0.4 m; an air domain of 0.4 m × 0.4 m × 0.1 m; an ice plate with a radius of
0.19 m and a thickness of 0.015 m placed on the surface; a burst distance of 0.025 m; and
an initial internal energy of 120 J for both bubble sources. The grid and model details are
shown in Table 7.

3.2.1. Damage to the Ice by TNT Underwater Explosion Bubbles

In previous studies, pressure was the main research parameter when studying the
influence of ice under transient strong load. Therefore, the stress variation of the ice plate
was analyzed. Due to the limited clarity of the crack patterns in the stress contour, a top
view of the ice plate without a pressure display is provided below the stress contour. To
better observe the cracks, the ice plate was tilted at a 30◦ angle for observation, as shown
in Figure 11.
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(the unit of pressure is “Pa”).

After the underwater detonation of TNT, the intense chemical reaction and the trend of
bubble expansion generate an explosive shockwave. When the shockwave initially contacts
the central lower surface of the ice plate, it generates higher radial and tangential pressure
stresses as the shockwave propagates inside the ice plate in the form of a compression wave
and contacts the back free surface (i.e., the upper surface of the ice plate in contact with air).
Significant tensile waves are reflected due to the much lower acoustic impedance of air
compared to ice. The compressive strength of the ice is much higher than its tensile strength;
therefore, initial cracks often originate at the back free surface [53]. Throughout the entire
icebreaking process, the ice plate continues to experience stress. When the deformation due
to cohesive failure between finite element units exceeds a specified threshold, the units fail
and are removed, resulting in the formation of cracks and holes.

From the stress contour, it is evident that a circular tensile stress zone formed around
the hole, with radial and tangential tensile stresses radiating outward from the center. At
0.1 ms, the tensile stress zone began to expand outward, and due to the radial tensile stress,
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radial cracks started to scatter outward from the center of the hole. At 0.15 m, due to the
boundary effect of the original plate, shockwave reflections occurred at the edge of the ice
sheet, resulting in a first-order circumferential tensile stress zone, causing the radial cracks
to extend further outward from the initial cracks as the underwater explosive expanded
continuously. At 0.5 ms, a second-order circumferential tensile stress zone formed closer
to the outer edge, and radial cracks extended all the way to the edge of the ice sheet due
to the continuous action of these two tensile stress zones. At 2 ms, first-order irregular
circumferential cracks formed closer to the center, and subsequently, at 2.5 ms, second-order
irregular circumferential cracks formed closer to the outer edge. This is due to the initial
splitting of the ice sheet caused by the compressive stress perpendicular to the ice sheet,
followed by the influence of radial stress and upward longitudinal pressure, causing the
inclined microcrack to slip [54]. After the formation of circumferential and radial cracks, the
ice sheet was divided into different regions. The sections that had already fragmented and
flipped upwards experienced compressive stress, while the parts that had not yet fractured
continued to experience tensile stress.

Figure 12 displays a side-view contour and a lateral view of the ice sheet, the change
in color of the bubbles and ice plates represents this change in pressure. Following the TNT
detonation, when the shockwave contacted the lower surface, the ice sheet immediately
developed fractures. As the shockwave propagated from the lower surface to the upper
surface of the ice plate, stress waves reflected from the upper surface back to the lower
surface. Because the ice sheet was in a free-floating state, the ice plate was collectively
displaced upward under the influence of shockwaves and bubble action, resulting in the
unloading of a portion of the shockwave. Consequently, the outward flipping of the ice
mass from the central opening was not pronounced. The central region of the ice sheet
exhibited an upward convex shape, corroborating the ice’s elastic–plastic characteristics.
Influenced by the ice sheet’s discontinuities, the CGB no longer maintained a regular
spherical shape but rather assumed an irregular, cone-like form at the upper end. As
the gas bubbles further expanded, the CGB caused additional damage to the ice sheet,
generating multiple circumferential cracks that penetrated from the bottom to the top. It
can also be observed that when the shockwave became excessive, the ice sheet was more
susceptible to developing radial cracks that penetrated from the top to the bottom. As the gas
bubbles expanded upward, the ice was more likely to create circumferential pressure zones at
the top of the ice sheet, leading to the formation of circumferential cracks that penetrated from
the bottom to the top. From a lateral perspective, the expansion action of the UEXB caused the
ice sheet to move upward by 0.6 mm, with a deflection of 2 mm at the center.
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3.2.2. Damage to Ice by Compressed Gas Bubbles

Due to the limited clarity of the crack patterns in the stress contour, a top view of the ice
plate without the pressure display is provided below the stress contour. To better observe
the cracks, the ice plate was tilted at a 30◦ angle for observation, as shown in Figure 13.
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(the unit of pressure is Pa).

When the CGB began to expand underwater, the shockwaves transmitted through the
ice to the upper surface. The mechanism of load transmission was similar to that of the
TNT underwater explosion. However, due to the relatively smaller shockwave generated
by CGB, it did not create a significant hole in the ice plate.

At 0.15 ms, compressive stress from the bottom of the ice plate was transmitted to the
four corners of the radial crack center on the upper surface, forming a distinct compressive
stress region. At 0.2 ms, due to the influence of reflected tensile waves and tangential tensile
stresses on the upper surface, a tensile stress zone formed at the edges of the radial crack.
At 0.25 ms, due to boundary effects, there was a shockwave reflection at the edges of the
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ice plate. Because the radial crack extended to the edge, there were four similar regions of
reflected shockwaves. At 2 ms, after the central region fractured, a compressive stress zone
formed around the center of the ice plate, with a tensile stress zone at the edges. Finally,
at 3 ms, due to the complete splitting of the ice plate, the entire ice plate was subjected to
compressive stress.

As shown in Figure 14, the damage mechanism of the CGB shockwave stage to the
ice plate is similar to that of the UEXB shockwave stage. Because the CGB had a larger
volume, the ice impeded the continuous expansion of the bubble. As the bubble continued
to expand, the outer central region also rose; this resulted in continuous tensile stress in the
upper part of the ice body. Cracks in the ice plate rapidly expanded, and circumferential
cracks gradually appeared at the top. The lower part of the ice body experienced continuous
compressive stress, causing the initial cracks formed during the shockwave phase under the
ice plate to continue expanding, resulting in penetrating cracks. When the bubble reached
its maximum volume, the ice plate moved upward by 0.6 mm as a whole, with a deflection
of 6 mm at the top. This indicates that the continued expansion of the bubble is one of the
main causes of the ice plate damage.
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Figure 14. Ice plate broken image and stress contour plot as the CGB breaks the ice (left side-view of
the ice sheet).

3.2.3. Comparison of Ice Damage by Two Bubble Sources

As shown in Figure 15a, the damage inflicted by the UEXB on the ice plate ultimately
manifests as radial cracks radiating from the center to the edge of the plate, multiple
penetrating circumferential cracks centered around the perforation, and several tight cir-
cumferential cracks around the bottom perforation. This damage can be divided into three
zones: the central perforation zone, with damage caused by the initial shockwave, pri-
marily occurring in the central area of the perforation, resulting in penetrating cracks; the
continuous tensile stress zone, with damage caused by the continuous upward expansion
of the bubble, leading to the formation of a damage zone around the perforation due to
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continuous tensile stress; and the crack propagation zone, where cracks extend outward
toward the edge, forming multiple circumferential cracks. Additionally, the ice fragments
generated at the perforation site are relatively fine.
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As shown in Figure 15b, the CGB does not cause significant large holes on the ice
plate, but eventually presents radial through-radial cracks from the center to the edge of
the ice plate, and circumferential cracks with the center of the ice plate as the center of
the circle, forming large sustained tensile stress zone damage caused by the continuous
upward development of bubbles, and a crack expansion zone developing toward the outer
edge. Due to the small shockwave load, the damaged block of the ice slab is larger under
the load of continuous bubble development.

Following the conclusion of the initial shockwave, the bubble rapidly expanded, with
the ice plate hindering the bubble’s development. Due to the continuous expansion of the
bubble, the central region of the ice plate was pushed up by the bubble and continued to
expand until the bubble stopped expanding. During the continued expansion of the bubble,
CGB induced greater deflection and deformation in the ice plate, resulting in a larger area
of crack formation.

As shown in Figure 16a, after the first shockwave caused damage to the ice plate, the
ongoing development of the bubbles continued to cause observable damage to the ice plate.
Due to the larger volume of CGB compared to UEXB, the tensile stress effects caused by
CGB’s continued upward development on the ice were more pronounced, and the ratio of
failed elements caused by CGB is higher than that of UEXB. Five working condition studies
with different energy levels for both bubble sources were conducted, resulting in the ratio
of failed numbers curves shown in Figure 16b. It can be observed that the number of failed
elements caused by CGB remains consistently higher than that caused by UEXB.

3.2.4. Optimum Standoff Distance

To use the energy of bubbles more reasonably and avoid waste, it is of great significance
to explore the optimal burst distance. This section uses two bubble sources with the same
energy of 120 J, explores the damage characteristics of the ice plate under the action of
two bubble sources with different distances, and realizes this purpose by detecting the final
number of failed particles of the ice plate.
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Figure 16. Comparison of the ratio of failure units caused by two kinds of bubbles at different energies
to the ice plate: (a) the ratio of different stages failed elements curve; and (b) the ratio of total failed
elements curve.

Figure 17 shows the curve of the ratio of failed elements under different standoff
distances. The ratio of failed units increases initially and then decreases as the distance
increases. The optimal distance for icebreaking was not the closest and not the farthest
distance between the bubble and the ice because the effect of the two bubbles on the ice
plate is complex. The UEXB mainly relied on the shockwave on the ice plate damage, the
shockwave was generated by the need for an appropriate distance to achieve the best de-
structive effect. A distance that is too small will lead to the shockwave not fully developing,
and a distance that is too large will lead to a shockwave in the water attenuation that is too
large [23]. The CGB mainly relied on shockwaves and the bubble expansion effect on the
ice plate damage. When the distance is too small, the ice plate limits the development of
the bubble morphology, and when the distance is too large, it leads to the attenuation of
the shockwave and the expansion of the bubble’s effect. The optimal detonation distance
primarily differs between the UEXB and CGB due to the different mechanisms of icebreak-
ing that each relies on. Therefore, choosing a more suitable detonation distance for bubble
icebreaking operations can yield better icebreaking results. Under the condition that the
inner energy of the bubble is 120 J, for an ice plate with a radius of 0.19 m and a thickness
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of 0.15 m, the optimum standoff distance of the compressed gas bubble with 120 J is 0.03 m,
and the optimum standoff distance of the TNT with 120 J is 0.02875 m.
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4. Conclusions

This paper introduces a two-way coupling numerical model of ice–water–gas based
on the ALE method. The reliability of this numerical model was validated through com-
parisons with experiments. Furthermore, a comparative analysis of the effects of a TNT
underwater explosion and CGB on ice plates was conducted. The following conclusions
were drawn:

(1) When the initial internal energies of the two bubbles are the same, the CGB has a
larger maximum volume than the UEXB, and its period is longer. The UEXB generates
a larger shockwave and dissipates more energy. Since this study focuses on near-wall
conditions, under the same internal energy conditions, the UEXB’s collapse produces
a higher peak jet velocity than the CGB, and the jet duration and secondary shockwave
are both shorter than the CGB. This is related to the development of bubbles near
the wall.

(2) Due to the larger shockwave generated by the UEXB under the same energy conditions,
the UEXB is more likely to create a hole in the ice sheet. The CGB causes a larger
damaged area on the ice sheet, and its expansion process has a more pronounced effect
on ice sheet damage, resulting in larger ice fragments compared to the UEXB. This is
related to the different ways in which the UEXB and CGB damage the ice. Moreover,
under the same energy conditions, the total number of failure elements caused by
the CGB on the ice sheet is higher than that of the UEXB, indicating an overall better
icebreaking effect for the CGB. Additionally, the CGB generates a smaller shockwave,
making it a safer option for practical operational scenarios.

(3) The choice of the optimal braking distance is an important issue in practical ice-
breaking applications. It involves many factors such as the nature of the ice, the
characteristics of the bubbles, and boundary conditions. For the parameter of the
blast distance discussed in this paper, a smaller blast distance does not necessarily
guarantee better icebreaking effects. Further research on this issue will involve more
parameters and considerations. For an ice plate with a radius of 0.19 m and a thickness
of 0.15 m, the optimum standoff distance of the compressed gas bubble with 120 J is
0.03 m, and the optimum standoff distance of the TNT with 120 J is 0.02875 m.
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UEXB Underwater Explosion Bubble
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