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Abstract

:

Based on the thickness of the common ice layer in the Heilongjiang Basin, explosions featuring different methods of firing, different thicknesses of the common ice layer, and different distances between the explosive and the ice are hereby simulated using ANSYS/LSDYNA software. The most suitable blasting scheme after field test verification is obtained, and it is concluded through the field blasting test comparison and verification that the central ignition produces the best blasting effect and the largest blasting volume and radius when the explosion is fired under the ice. A larger ice thickness indicates a worse explosive blasting effect, and the number of explosive packs should be used reasonably to achieve the best blasting effect. An ice blast does not finish at once, but experiences energy transfer in the form of waves. The blasting effect is the best in the case of a distance between the explosive and the ice of about L = 150 cm. The shallower the depth of the river is, the more powerful the blast becomes and the more obvious the blast volume becomes. The ice layer is blasted when the maximum temperature on the day of blasting is stable and positive, which is when the texture of the ice sheet maintains its hardness and high efficiency.
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1. Introduction


River ice is an integral component of the hydrological and hydraulic regimes of cold region rivers and affects an extensive portion of the global hydrologic system, particularly in the Northern Hemisphere [1]. It regulates numerous hydrologic, geomorphic, biological, and chemical process in rivers, and provides important socio-economic and ecological benefits [2]. However, river ice can also cause extensive damage to infrastructure, navigation, and hydroelectric production, and can result in detrimental effects to river ecology and water quality [3].



The formation of river ice is a rather complex physical process [4,5], which involves the interaction of hydrodynamic, mechanical and thermal forces, and is also affected by meteorological and hydrological conditions as well as river topography features [6]. There are four main types of river ice formation. In turbulent flow, water flows so fast that the flow can carry away the melting heat so quickly that ice can form at only the tiniest cooling temperature. Ice crystals (known as ice flowers) are generated as many tiny disks and continue to form ice [7]. In calm water, the ice that first appears also takes the shape of a small disk, and the disk shape will develop into a dendritic shape when a critical size is reached. This dendritic ice develops rapidly across the surface of the water until an entire lake or pond is covered with it, often overnight. In addition, the surface is covered with an extremely thin but uniform layer of smooth and unbroken ice. The newly fallen snow is light and loose, with a density ranging from 0.1 to 0.3 kg/m−3. The tension of edges of the crystalline and snow water vapor at the edge is higher than that inside, and the molecules evaporate towards the edges and condense inward, so the crystallization tends to be round [8]. A solid fine substance, known as snow ice, is formed during the deformation, refreezing, recrystallization, and other processes. Recrystallization makes the space between particles more compact and tighter; the density is between 0.82~0.84 kg/m, and the air gap is squeezed out and becomes an impermeable object, i.e., the conversion of snow to ice. Affected by the gravity and centrifugal force, the surface water flows to the concave bank, and the bottom water flows to the convex bank at the curved reach of the river, forming a transverse circulation. The ice flowers floating on the water surface gather towards the concave bank under the action of transverse circulation. When the mechanical force caused by the flow turbulence is less than the bond force between the ice flowers, the ice flowers stick together and result in blockage, and such ice flowers fill the whole river, thereby giving rise to an iceberg [9,10].



River ice impacts local river hydraulics in many different ways [11]. Similarly, in some small river systems, freezing of riverbeds may block groundwater inflows, which may also generate flooding through the aufeis [12]. Ice jams can also change river channel properties and flow paths through ice scouring and erosion [13]. Therefore, it is of great significance to study the blasting of river ice in order to open the river.



Heilongjiang is located in the northernmost part of China, as shown in Figure 1, and its geographical location is 108°20′–141°20′ E and 42°00′–55°45′ N [14]. This section belongs to the Sino–Russian Boundary River, where there is an ice dam of a certain size every 3 years on average, and where there are also serious melting ice floods. However, Heilongjiang is a remote province subject to underdeveloped transportation and communication, as well as backward observation equipment and technology, and relatively little research has been conducted on its ice jam flood disaster prevention and reduction. As the boundary river between China and Russia, the occurrence of ice disasters cannot be controlled, prevented or mitigated by engineering measures (such as the construction of hydraulic structures). Instead, only effective non-engineering measures can be used to prevent the occurrence of ice dams or smoothly break the ice dam [15,16]. Given that the measured ice sheet thickness can reach up to 1.8 m before the upper reach of the Heilongjiang River is opened up, that the ice sheet is of high strength, and that the snow cover on the ice sheet is thick, the measured data show the difficulty of achieving the destruction and movement of large ice structures by non-engineering measures (such as ice surface treatment, mechanical destruction of the ice sheet, cutting of the ice sheet, icebreaking by hovercraft, and river trepanning). In this case, exploding the ice sheet or ice dam using explosives has become the most effective way to prevent or alleviate ice disasters in the Heilongjiang River.



Although there was a record regarding icebreaking by explosives 100 years ago [17], the research is limited by the ice conditions of the river and the surrounding environment of the river, and the measurement is difficult and risky, heavily impeding the research progress [18,19]. Mellor from the United States Army Corps of Engineers obtained a series of explosion data for more than 10 years from the infraglacial blasting experiment and explored the relationship among blasting pit radius, ice sheet thickness and explosive dosage using the regression analysis [20,21]. In China, He Bingshun et al. [22] put forward the icebreaking principle of using the icebreaking and cannon firing technology by dropping a bomb with an aircraft. Based on the freezing layer with thick ice of the Yellow River and Inner Mongolia as the study object, Liang Xiangqian et al. [23,24] studied the vibration velocity of explosive blasting and the change in shock wave pressure in water under two icebreaking methods, i.e., ice contact energy-collected explosion and underwater explosion. Tong Zheng et al. [25] investigated the crack and pressure distribution of ice blocks after blasting by simulating the field blasting and numerical situation of the Yellow River ice run. In terms of the blasting technique, Duan Yuansheng et al. [26] summarized the parameter indexes (such as the arrangement form of explosive holes and the proper channel width of blasting the ice sheet for ice prevention) via engineering practice. Yan Huaitang et al. [27] deduced the relationship between the length of extended explosive charge and the amount of explosives used for icebreaking via blasting under the ice sheet by studying the properties of the explosives. It can be observed from the above research results of infraglacial blasting in the river that the average thickness of the ice sheet is mainly 0.5 m and below, and that the measured maximum ice thickness of the Heilongjiang River can reach as high as 1.8 m. To this end, the field test of infraglacial blasting in the Mohe section in the upper reach of the Heilongjiang River was hereby studied pursuant to the characteristics of the Heilongjiang River (thick ice sheet, solid ice layer, and sub-glacial water depth) to obtain the effective methods and techniques of ice prevention blasting and establish the theoretical relationship between blasting pit radius as well as explosive dosage, ice sheet thickness, and water depth under ice, thereby providing a scientific basis and theoretical support for realizing efficient icebreaking by explosives. Therefore, it is of great significance to develop a blasting method with a good icebreaking effect to prevent the ice run in the Heilongjiang River. Additionally, the Huma section in the Heilongjiang River Basin is one of the main reaches where ice damage occurs, and ice damage of different degrees happens at the moment of closure and ice breakup every year. Therefore, the river at the Huma section of the Heilongjiang River main stream during the freeze-up period is hereby taken as the study object, and numerical simulation of ice explosions is hereby carried out for the river during the freeze-up period under different ice thicknesses and explosive charges, so as to provide the theoretical basis for flood control and disaster reduction, and develop a series of ice explosion methods in the Heilongjiang River Basin [28].




2. Models and Methods


2.1. Selection of Calculation Software


In recent years, blasting engineering has seen much progress due to the use of numerical simulation technology and effective numerical models [29]. ANSYS/LSDYNA (The software version: ANSYS 2021 R1; Creator and the location: John Swanson, New York, NY, USA; Software Sourced: Livermore Software Technology Company, Canonburg, PA, USA.) is the main international explicit dynamic analysis program; it uses ANSYS to simulate the establishment of environmental characteristics and an ANSYS/LSDYNA built-in solver (LS-RUN) to solve K files. Data analysis can be performed using LS-PrePost (The software version: LS-PrePost 4.7; Creator and the location: John Swanson, New York, NY, USA; Software Sourced: Livermore Software Technology Company, Canonburg, PA, USA.), a post-processing software developed by LSDYNA. In the Explosion Analysis Module, ANSYS/LSDYNA not only provides the corresponding explosive material models and equations of state but also simulates the propagation of shock waves and the instantaneous state responses of structures [30]. Therefore, ANSYS/LSDYNA software was selected for simulation studies in this study.




2.2. Software Simulation Process


	(1)

	
Model establishment: This step mainly comprises model building, meshing, element-type selection, definition of material parameters, creation of parts, definition of (symmetry) constraints and (non-reflection) boundary conditions, energy settings, solution time control, and output K files.




	(2)

	
K-file check: In this step, a K file is opened and checked in LS-PrePost. K files contain material parameter verification, equation of state, Lagrange algorithm, initial conditions for detonation, ignition method, and coupling method.




	(3)

	
Solution process: In this step, the modified K file is imported into the LS-RUN solver to solve. Then, the resulting file is saved and used to record the blasting area, blast radius, and other results to draw a corresponding cloud map [31].




	(4)

	
Result post-processing viewing: In this step, the LS-PrePost post-processing software is used to open a D3plot in the result file for the viewing and analysis of the solution results.







A numerical model of ice blasting involves the blasting and underwater explosion process of an ice material model, reflecting the coupling between air, explosives, water, and ice, and the whole change process is dynamic, complex, and highly nonlinear. According to universities and research institutes such as the National University of Defense Technology and Dalian University of Technology, ANSYS/LSDYNA procedures are often used for explicit dynamic analysis [32].




2.3. Model Building


2.3.1. The Theory of the Model


In accordance with classification as per the coordinate system, two kinds of methods in the nonlinear continuum mechanics, i.e., the Lagrangian method (mainly for solid mechanics) and Euler’s method (mainly for fluid mechanics), have been developed for numerical calculation [33]. For the Lagrangian method, the mesh is fixed to the object, and will then move or deform with the object, which is used for calculation to intuitively and naturally handle the free surface and boundary surface of the object and accurately describe the stress history of different materials. However, in the case of the occurrence of the large deformation, the mesh will suffer from serious distortion or aberration along with the object, which decreases the calculation accuracy or even causes calculation termination. For Euler’s method, the mesh is fixed to the space, and its shape always remains unchanged, which is suitable for calculating the problem of large deformation. However, considering the difficulty of using Euler’s method to describe the moving boundary or the boundary surface between different substances, the tracking and processing of the boundary surface using some special methods is necessarily important, which is one of the main directions of the current development of Euler’s method.



Given that both the Lagrangian method and Euler’s method are provided with their respective advantages and disadvantages, a batch of problems that cannot be solved merely by either of them can be solved by combining the two organically, fully absorbing their advantages and overcoming their disadvantages. The Arbitrary Lagrangian and Eulerian method (referred to as ALE method for short) is thus produced for this very purpose.



For the ALE method, the mesh can move arbitrarily in space, namely moving independently of the object coordinate system and the space coordinate system, when the moving boundary of the object can be accurately described, and the reasonable shape of the mesh can be maintained by specifying the appropriate motion form of the mesh. In this case, the ALE method has wide applicability in the case of simulating the impact, explosion, and other large deformation problems, and is of practical value to numerical simulation of the underground explosion dynamic process.



The nonlinear continuum mechanics method and the method of Gauss theorem can be used for deducing the governing equation under ALE description.



The following is the mass conservation equation.


    ∂ ρ   ∂ t    l ξ  +   ∂ ρ   ∂  x i    + ρ   ∂  v i    ∂  x i    = 0    



(1)







In the formula,      l   ξ    is the distance from the reference point ξ to the origin,      v   i    is the material flow velocity of the particle X,  ρ  is the density of the material,    x i    is the moving distance of the particle X, and   ∂     is the time.



The formula below is the momentum equation.


  ρ   ∂  v i    ∂ t    l ξ  +    ρ c   j    ∂  v i    ∂  x j    =   ∂  σ  ji     ∂  x j    +    ρ f   i     



(2)







In the formula, cj is the grid migration velocity,    σ  ji     is the Cauchy stress tensor, and    f i      is the body force per unit mass.



The following formula is the equation of energy conservation.


  ρ   ∂ e   ∂ t    l ξ  +    ρ c   i    ∂ e   ∂  x i    =  σ  ij     ∂  v i    ∂  x j    −   ∂  Q i    ∂  x i       



(3)







In the formula,  e  is the mass specific internal energy and    Q i    is the heat flux.



The model consisted of four parts: air, ice, explosives, and water. The air model size was 600 cm × 600 cm × 100 cm, the size of the ice model was 600 cm × 600 cm × X cm (X values are 100, 130, and 160 cm), the size of the water body model was 600 cm × 600 cm × 200 cm (in order to ensure greater realism, a non-reflective model was used to prevent the reflected waves at the bottom of the river from affecting the blasting results), and the dynamite model size was 10 cm × 10 cm × 10 cm, as shown in Figure 2.




	(1)

	
Meshing was set to a 5 cm × 5 cm × 5 cm grid.




	(2)

	
All material units were set using SOLID 164.




	(3)

	
After the symmetry of the blasting model, calculation convenience, and calculation time reductions were set, a 1/4 three-dimensional model was established. The YOZ and XOZ planes were symmetrical planes that were set as symmetry boundaries, and symmetric normal constraints were applied.




	(4)

	
To simulate infinite air basin and the infinite water basin, the left, back, and bottom boundaries of the model were set to non-reflective boundary. The bottom boundary was set to the free surface.




	(5)

	
The ignition positions were determined as being located at the top, center, and bottom of the explosive center axis.




	(6)

	
Numerical simulation units were calculated using cm-g-μs.




	(7)

	
Considering the duration of the entire blasting process, the model blasting solution time in this paper was set to 1000 μs.










2.3.2. Model Parameters and Algorithms


The main model materials in this study were ice, explosives, water, and air. The ice body was considered with the Lagrange algorithm, and the air, explosives, and water were considered with the ALE algorithm, that is, the multi-substance Arbitrary Lagrange–Euler algorithm [34,35,36]. The model calculation used the multi-substance ALE fluid–structure interaction algorithm so that the mesh did not have serious deformations [37] that were too different from actual situations. The ice body was considered with an isotropic elastic fracture model (MAT_ISOTROPIC_ELASTIC_FAILURE), and the main model parameters are shown in Table 1.



Explosive parameter was set as a TNT explosive parameter, the model was set to adopt the (MAT_HIGH_EX-PLOSIVE_BURN) high-energy explosive model, and the explosion pressure equation of state was calculated using the JWL (Jones–Wilkins–Lee) equation of state [38], which is expressed as follows:


  P = A (  1 −  ω   R 1  V    )  e  −  R 1  V   + B (  1 −  ω   R 2  V    )  e  −  R 2  V   +      ω E   0   V     



(4)







In the above equation, E0 is the initial internal energy, P is the pressure, V is the relative volume, and A, B, R1, R2, and ω are material constants.



TNT material parameters are shown in Table 2.



The water material model was set to adopt the (MAT_NULL) material model [39], as shown in Table 3.



In the table, C0, C1, C2, C3, C4, C5, and C6 are constants.




2.3.3. Introduction to Working Conditions


In this article, simulations of the working conditions were established with three variables: the distance of the explosives from the ice surface, the ignition location, and the thickness of the ice layer.



Working condition 1:




	(1)

	
The upper end of the explosive is ignited, the ice thickness is 100 cm, and the upper end of the explosive is 20 cm from the ice.




	(2)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, and the upper end of the explosive is 20 cm from the ice layer.




	(3)

	
Ignition occurs at the bottom of the explosive, the thickness of the ice layer is 100 cm, and the upper end of the explosive is 20 cm from the ice layer.









Working condition 2:




	(1)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, the upper end of the explosive is 20 cm from the ice layer, and the explosive mass is 3.2 kg.




	(2)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, the upper end of the explosive is 20 cm from the ice layer, and the explosive mass is 4.8 kg.




	(3)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, the upper end of the explosive is 20 cm from the ice layer, and the explosive mass is 6.4 kg.




	(4)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, the upper end of the explosive is 20 cm from the ice layer, and the explosive mass is 8.0 kg.









Working condition 3:




	(1)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, and the upper end of the explosive is 30 cm from the ice layer.




	(2)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, and the upper end of the explosive is 40 cm from the ice layer.




	(3)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, and the upper end of the explosive is 50 cm from the ice layer.




	(4)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, and the upper end of the explosive is 60 cm from the ice layer.




	(5)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, and the upper end of the explosive is 70 cm from the ice layer.




	(6)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, and the upper end of the explosive is 80 cm from the ice layer.




	(7)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, and the upper end of the explosive is 90 cm from the ice layer.




	(8)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, and the upper end of the explosive is 100 cm from the ice layer.




	(9)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, and the upper end of the explosive is 110 cm from the ice layer.




	(10)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, and the upper end of the explosive is 120 cm from the ice layer.




	(11)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, and the upper end of the explosive is 130 cm from the ice layer.




	(12)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, and the upper end of the explosive is 140 cm from the ice layer.




	(13)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, and the upper end of the explosive is 150 cm from the ice layer.




	(14)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, and the upper end of the explosive is 160 cm from the ice layer.




	(15)

	
Ignition occurs at the center of the explosive, the thickness of the ice layer is 100 cm, and the upper end of the explosive is 170 cm from the ice layer.












3. Results


3.1. Analysis of the Influence of Ignition Location on Ice Sheet


The established ice blasting model was used to analyze condition 1 regarding the impact of different ignition methods on the blast volume of ice bodies when the bottom was set as a non-reflective surface. The equivalent pressure distribution plot is shown in Figure 3.



As can be seen from the figure, the maximum pressure of the equivalent pressure cloud at the center ignition was 6.89966 × 10−5 GPa, the maximum pressure of the bottom ignition was 5.07765 × 10−5 GPa, and the minimum pressure of the top ignition was 4.25708 × 10−5 GPa. In addition, analysis of its pressure distribution showed that the center ignition explosion was generated by the most concentrated pressure distribution, the top of the ignition explosion was generated by the most dispersed pressure distribution, and the bottom of the ignition explosion was generated by the pressure distribution between these. Furthermore, the analysis of pressure distribution showed that the center ignition pressure distribution was the most concentrated, the top ignition pressure distribution was the most dispersed, and the bottom ignition was between the two.



The time variation of ice blast volume for different ignition modes is shown in Figure 4.



An analysis of the blast volume in time at different locations of ignition showed that there was no effect of ignition at different locations at the beginning of blasting, there was a significant volume change from 49.2 μs on, and the remaining volume after blasting was 1.1 × 107 cm3 at the center ignition, 1.13 × 107 cm3 at the bottom ignition, and 1.22 × 107 cm3 at the top ignition. The volume of blasting caused by the center ignition was the largest, followed by the bottom ignition, and the volume of blasting caused by the top ignition was the smallest.



The change in kinetic energy at the moment of detonation for different ignition methods is shown in Figure 5.



The figure shows that all three ignition methods resulted in a maximum kinetic energy at 79.7 μs following the maximum initial kinetic energy directly at 49.2 μs. The maximum initial kinetic energy was reached by wave transmission in a short time, and the maximum initial kinetic energy was 3.16 × 107 J/m−3 at the center ignition, 2.87 × 107 J/m−3 at the bottom ignition, and 2.14 × 107 J/m−3 at the top ignition.



The relationships between ignition position and ice blasting volume, final maximum pressure, and instantaneous kinetic energy are shown in Table 5.




3.2. Analysis of the Influence of Explosive Masses on Ice Sheet


The established ice blasting model was used to analyze simulated condition 2 regarding the effect of different explosive masses on the ice blasting volume at center ignition. Equivalent pressure distributions are shown in Figure 6.



From the figure, it can be seen that the maximum pressure of the equivalent pressure cloud was 6.89966 × 10−5 GPa when the explosive mass was 1.6 kg, the maximum pressure of the equivalent pressure cloud was 6.16525 × 10−5 GPa when the explosive mass was 3.2 kg, the maximum pressure of the equivalent pressure cloud was 7.77053 × 10−5 GPa when the explosive mass was 4.8 kg, the maximum pressure of the equivalent pressure cloud was 4.02354 × 10−5 GPa when the explosive mass was 6.4 kg, and the maximum pressure of the equivalent pressure cloud was 6.62249 × 10−5 GPa when the explosive mass was 8.0 kg. The maximum pressure of the equivalent pressure changes in waves.



The time variations of the ice blast volume for different explosive masses are shown in Figure 7.



The instantaneous kinetic energy changes for different explosive masses are shown in Figure 8.



The relationships between explosive mass and ice blasting volume, maximum pressure at the end, instantaneous kinetic energy, and average kinetic energy are shown in Table 6.



From the above table, the volume of explosive blast is found to increase gradually as the mass of explosive increases. However, in the third column of the table, the blast volume is not found to increase linearly when the explosive mass increases from 1.6 kg to 6.4 kg. Here, the blast volume is found to increase gradually and more slowly, but when the explosive mass reaches 8 kg, a significant increase in blast volume can be observed. Therefore, an increase in blasting efficiency is assumed to be possible by increasing the number of explosive packages. However, as the number of individual explosive packages increases, the blasting effect will gradually approach its limit. This limit can only be exceeded by using a large quantity of explosives. When observing the maximum kinetic energy when blasting different masses of explosives, it was found that the maximum kinetic energy (3.16 × 107 J/m−3) was generated when the mass of explosives was 4.8 kg. As the explosive mass increased, the average kinetic energy of the ice layer was gradually increasing. However, the average kinetic energy generated by the explosion of 6.4 kg of explosives did not exhibit a significant change compared to the average kinetic energy generated by the explosion of 4.8 kg of explosives.




3.3. Analysis of the Effect of Explosive Location on Ice Blasting Model


The established ice blasting model was used to analyze simulated working condition 3 regarding the effect of different positions of explosives on the blasting volume of the ice body at the center ignition and an ice thickness of 100 cm. The stress effects are shown in Figure 9a–o.



The simulation results regarding the effects of different distances between explosives and the ice model on the ice blasting under working condition 3 are shown in Table 7.



Table 7 shows that at different distances between the explosive and ice model, the blasting effects were also different. Figure 10, Figure 11 and Figure 12 illustrate the relationships between different distances between the explosive and ice model and ice blasting volume, maximum pressure at the end, instantaneous kinetic energy, and average kinetic energy.



Figure 10 shows that when the distance between the dynamite and ice model was 20 to 120 cm, the larger the distance between the dynamite and ice model, the smaller the residual volume of the ice model after explosion and the more obvious the blasting effect. When the distance between the explosive and the ice model exceeded 160 cm, the residual volume of the ice model after explosion increased with the increase in the distance. As the distance between the dynamite and ice model increased, the maximum pressure at the end of the ice model changed in a wave-like manner, similar to the propagation of underwater explosion waves.



As the distance between the explosive and ice model increased, the maximum kinetic energy of the ice model reached a peak at 40 cm between the explosive and ice model. When the distance between the explosive and ice model was 70 to 160 cm, the maximum kinetic energy of the ice model increased with the increase in distance. When the distance between the explosive and ice model exceeded 160 cm, the maximum kinetic energy decreased with the increase in the distance.



Figure 12 shows that when the distance between the explosive and ice model was 20 to 150 cm, the average kinetic energy of the ice model increased with the increase in the distance; when the distance between the explosive and the ice model exceeded 150 cm, its average kinetic energy decreased with the increase in the distance.





4. Discussion


In the downstream section of Beiji Village, Mohe, between navigation mark 812 and 818, the ice thickness of approximately 100 cm was selected for the blasting experiments with three different ignition methods. The experimental results show that the central ignition blasting method produces the best explosion effect and the largest explosion radius, and the measured explosion radius is 387.5 cm, which is in line with the results obtained in condition 1 (working conditions of three different ignition methods), thus proving the reasonability of the simulation. In addition, after the explosion, it was found by observing the shape of the ice body that the explosion in the center produces a nearly circular blasting pit, but there are circular cracks in its outer ring, indicating that the ice explosion is not finished at one time, but carries on the energy transfer in the form of waves.



With the increase in the explosive mass, the blasting effect decreased gradually, and the impact could be increased by increasing the number of charge bags; however, as the number of individual charge bags increased, the blasting effect gradually approached the limit. Experimental verification indicated that when 1.6 kg TNT explosive explodes in a river section with an ice thickness of 1 m, the effective blasting area is a circular area with a radius of 8 m, thereby proving the reasonability of the simulation results in working condition 2.



In this case, it can be concluded that the explosive bags should be reasonably laid in a staggered arrangement in two rows of ice holes in the adjacent upstream and downstream sections along the direction of water flow, and the distance between the holes in the row and the distance of the adjacent row should be roughly equal. In addition, the effect of the broken ice sheet is the best in the case of an equal charge amount of each hole. The layout of explosive package hole distance is restricted by the water depth, ice thickness, and single hole charge, and the hole distance cannot be too large, or it cannot blast through the ice hole, and the icebreaking effect will be unfavorable as well, even if the single hole charge is large. If the blasting ice holes are arranged in the direction of the water flow along the river and the front and back rows are staggered, the blasting effect will be rather favorable and can effectively destroy the ice sheet and ensure that the scale of the ice is in line with the requirements of the river conditions for transporting the ice sheet.



Under the condition of an ice thickness of approximately 100 cm in the river section and an explosive mass of 1.6 kg, the blasting test was carried out in the ice area where the distance between the explosive and the ice was 20–200 cm (with 20 cm as the difference value). In order to facilitate the analysis, the explosion radius was measured, and it was found that the explosion effect on site is highly similar to the results simulated using the ANSYS model. The experimental results show that the blasting radius is the largest and the fracture effect of the ice body is the best in the case of a distance of 160 cm, which is in line with the results obtained in condition 3.



At the same time, the breakup of the ice of the main stream of the Heilongjiang River was performed after blasting for 4 days, during which the typical ice dam was observed near the 10 km overland route opening in the upper reach of the Mohe cross section at the blasting location during the period, since the ice blocks from the upper reach were accumulated and blocked. The field observation and theoretical reasoning results indicate a high probability that the ice dam will occur in the blasting river reach, and the resulting force will also be greater if the lower reach cross section of the ice dam is not blasted, without conditions for ice block transport in the blasting area. Since the slope of the river reach is small and has a great degree of curvature, it is considered the place where the water flow is mixed violently in the river. In this case, it is rather obvious that the river ice blasting plays a critical role in preventing an ice disaster in the Heilongjiang River.




5. Conclusions


The main conclusions drawn are as follows:




	
It can be concluded through model simulation and experimental comparison that the blasting effect in the center is the best, and the blasting volume and radius are the largest when the explosive is ignited under the ice;



	
With the increase in the explosive mass, the blasting effect will decrease gradually, and the impact can be increased by increasing the number of charge bags but will gradually approach the limit as the number of individual charge bags increases. Experimental verification indicates that 1.6 kg TNT can blast the river section with an ice thickness of 1 m, and the effective blasting area is a circular area with a radius of about 8 m;



	
The explosive bags should be reasonably laid, in staggered arrangement in two rows of ice holes in the adjacent upstream and downstream section along the direction of water flow, and the distance between the holes in the row and the distance of the adjacent row should be roughly equal;



	
In addition, the effect of the broken ice sheet is the best in the case of an equal charge amount of each hole. An ice blast is not finished at once, but experiences energy transfer in the form of waves. When the distance between the explosive and the ice is about L = 150 cm, the blasting effect is the best.








However, the simulation of the model needs to be improved in some areas. In the simulation, the temperature was not set, but the effect of temperature on the strength of the ice sheet is indeed the main factor. In general, the ice sheet intensity decreases with the decrease in temperature, and the blasting effect of river ice should be different at different temperatures. According to the experimental and field observation data of the blasting observation, ice sheet blasting can be carried out in the case of a stable and positive maximum temperature of the day, when the ice sheet is still hard in texture and high in efficiency. Breaking ice will break too early and will refreeze, and even destroy all previous efforts, resulting in waste. In this case, it is advisable to carry out ice blast 3–5 days before the opening of the river. During the opening period, the existence time of river ice is short, making it difficult to grasp the timing of the blasting simulation and field experiment, and the number of experiments is rather limited. Considering the influence of river hydraulic and thermal factors, the numerical simulation is combined under hydraulic and thermal conditions, and it is more difficult to simulate under complex hydraulic conditions. To this end, the following solutions to close the gap are hereby proposed: (i) to improve the cross application of multiple disciplines; (ii) to fully combine the method with various coupling factors, consider turbulent conditions of hydrothermal conditions, and carry out a deeper theoretical analysis of the model under the boundary treatment and scene setting; and (iii) to combine with practice, perform more field tests, provide data for laboratory tests, and create similarity analyses at the same time.
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Figure 1. Location diagram of Heilongjiang Basin. 
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Figure 2. Numerical model of ice blast. 
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Figure 3. (a) Top ignition; (b) central ignition; (c) bottom ignition. 






Figure 3. (a) Top ignition; (b) central ignition; (c) bottom ignition.



[image: Water 14 02808 g003a][image: Water 14 02808 g003b]







[image: Water 14 02808 g004 550] 





Figure 4. (a) Top ignition; (b) central ignition; (c) bottom ignition. 
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Figure 5. (a) Top ignition; (b) central ignition; (c) bottom ignition. 
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Figure 6. (a) Blasting with 3.2 kg TNT; (b) blasting with 4.8 kg TNT; (c) blasting with 6.4 kg TNT; (d) blasting with 8.0 kg TNT. 






Figure 6. (a) Blasting with 3.2 kg TNT; (b) blasting with 4.8 kg TNT; (c) blasting with 6.4 kg TNT; (d) blasting with 8.0 kg TNT.



[image: Water 14 02808 g006]







[image: Water 14 02808 g007 550] 





Figure 7. (a) Blasting with 3.2 kg TNT; (b) blasting with 4.8 kg TNT; (c) blasting with 6.4 kg TNT; (d) blasting with 8.0 kg TNT. 
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Figure 8. (a) Blasting with 3.2 kg TNT; (b) blasting with 4.8 kg TNT; (c) blasting with 6.4 kg TNT; (d) blasting with 8.0 kg TNT. 
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Figure 9. (a) the upper end of the explosive is 30 cm from the ice layer; (b) the upper end of the explosive is 40 cm from the ice layer; (c) the upper end of the explosive is 50 cm from the ice layer; (d) the upper end of the explosive is 60 cm from the ice layer; (e)the upper end of the explosive is 70 cm from the ice layer; (f) the upper end of the explosive is 80 cm from the ice layer; (g) the upper end of the explosive is 90 cm from the ice layer; (h) the upper end of the explosive is 100 cm from the ice layer; (i) the upper end of the explosive is 110 cm from the ice layer; (j) the upper end of the explosive is 120 cm from the ice layer; (k) the upper end of the explosive is 130 cm from the ice layer; (l) the upper end of the explosive is 140 cm from the ice layer; (m) the upper end of the explosive is 150 cm from the ice layer; (n) the upper end of the explosive is 160 cm from the ice layer; (o) the upper end of the explosive is 170 cm from the ice layer. 
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Figure 10. The relationship between ice distance, final volume, and final maximum pressure. 
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Figure 11. Relationship between ice distance, final volume, and maximum kinetic energy. 
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Figure 12. Relationship between ice distance, final volume, and average kinetic energy. 
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Table 1. Mechanical property parameters of ice materials.
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	Density/(g·cm−3)
	Shear Modulus/GPa
	Yield Stress/MPa
	Plastic Hardening Modulus/GPa
	Volume Modulus/GPa
	Plastic Failure Strain
	Truncation Pressure/MPa





	0.9
	2.2
	2.12
	4.26
	5.26
	0.35
	−4
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Table 2. Material parameters of TNT.
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	Density/(g·cm−3)
	D/(m·s−1)
	PCJ/GPa
	A/GPa
	B/GPa
	R1
	R2
	ω
	E0/(J/m−3)
	V0





	1.63
	6930
	21
	373.8
	3.747
	4.15
	0.90
	0.35
	7.0 × 109
	1
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Table 3. Parameters of water materials.
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	Density/(g·cm−3)
	C
	α
	γ0
	S1
	S2
	S3
	E0/(J/m−3)





	1.02
	0.165
	0
	0.35
	1.92
	−0.096
	0
	0







Note: C is the intercept of the shear-compression wave velocity curve, γ0 is a constant, α is the volume correction amount, and S1, S2, and S3 are constants. The air modeling was set to use a (MAT_NULL) material model, with the material parameters shown in Table 4.
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Table 4. Air material parameters.
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	Density/(g·cm−3)
	C0
	C1
	C2
	C3
	C4
	C5
	C6
	E0/(J/m−3)
	V0





	0.00125
	0
	0
	0
	0
	0.4
	0.4
	0
	2.5 × 105
	1
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Table 5. Relationship between ignition position and ice blasting volume, final maximum pressure, and instantaneous kinetic energy.
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	Ignition Mode
	Final Volume VEnd (cm3)
	Maximum Pressure Pexplosion (GPa)
	Maximum Instantaneous Kinetic Energy (J/m−3)
	Maximum Blast Radius (cm)





	Top ignition
	1.22 × 107
	4.25708 × 10−5
	2.14 × 107
	341.5



	Center ignition
	1.10 × 107
	6.89966 × 10−5
	3.16 × 107
	390.4



	Bottom end ignition
	1.13 × 107
	5.07765 × 10−5
	2.87 × 107
	363.8
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Table 6. Relationship between ice thickness and ice blasting volume, maximum pressure at the end, instantaneous kinetic energy, and average kinetic energy.
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	Explosive Mass (kg)
	Volume Burst Rate (%)
	Volume Burst Rate for Every 1.6 kg Increase (%)
	Maximum Pressure Pburst (GPa)
	Maximum Kinetic Energy (J/m−3)
	Average Kinetic Energy (J/m−3)





	1.6
	69.44
	
	6.89966 × 10−5
	3.16 × 107
	6.372 × 106



	3.2
	75.31
	5.87
	6.16525 × 10−5
	3.48 × 107
	9.586 × 106



	4.8
	78.25
	2.94
	7.77053 × 10−5
	3.79 × 107
	1.311 × 107



	6.4
	79.06
	0.81
	4.02354 × 10−5
	2.41 × 107
	1.320 × 107



	9.0
	83.31
	4.25
	6.62249 × 10−5
	3.71 × 107
	2.132 × 107
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Table 7. Relationship between explosive ice distance and ice blasting volume, maximum pressure at the end, instantaneous kinetic energy, and average kinetic energy.
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	Distance from Ice (cm)
	Volume at the End V0 (cm3)
	Maximum Pressure P Explosion (GPa)
	Maximum Kinetic Energy (J/m−3)
	Average Kinetic Energy (J/m−3)





	20
	1.10 × 107
	6.89966 × 10−5
	3.16 × 107
	6.372 × 106



	30
	8.84 × 106
	6.48349 × 10−5
	4.84 × 107
	8.786 × 106



	40
	7.96 × 106
	4.64357 × 10−5
	5.55 × 107
	9.816 × 106



	50
	7.56 × 106
	1.37037 × 10−4
	5.00 × 107
	1.080 × 107



	60
	7.13 × 106
	3.87005 × 10−5
	3.71 × 107
	1.107 × 107



	70
	6.76 × 106
	4.12181 × 10−5
	3.33 × 107
	1.145 × 107



	80
	6.11 × 106
	5.45746 × 10−5
	4.19 × 107
	1.302 × 107



	90
	5.56 × 106
	6.85551 × 10−5
	5.64 × 107
	1.489 × 107



	100
	5.23 × 106
	7.15330 × 10−5
	6.77 × 107
	1.661 × 107



	110
	5.00 × 106
	6.24793 × 10−5
	7.63 × 107
	1.787 × 107



	120
	4.91 × 106
	5.82885 × 10−5
	8.05 × 107
	1.959 × 107



	130
	4.62 × 106
	5.95254 × 10−5
	8.19 × 107
	2.084 × 107



	140
	4.67 × 106
	6.85479 × 10−5
	8.34 × 107
	2.139 × 107



	150
	4.63 × 106
	5.87875 × 10−5
	8.52 × 107
	2.229 × 107



	160
	4.58 × 106
	6.88285 × 10−5
	8.53 × 107
	2.207 × 107



	170
	4.87 × 106
	7.06496 × 10−5
	8.00 × 107
	2.126 × 107
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