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Abstract


To improve the directional propagation of blasting-induced cracks in sandstone and reduce over-excavation, under-excavation, and surrounding-rock damage caused by conventional circular blastholes, circular and V-shaped slotted blasthole models were established in LS-DYNA. The ALE fluid–solid coupling algorithm was adopted to investigate the effects of slot angle on the effective stress field, crack propagation pattern, and crack control index. The stress field theory at the tip of the V-shaped slot was further used to explain the directional cracking mechanism. On this basis, a two-hole V-slotted blasting model is established to analyze the influence of hole spacing on crack penetration. The results show that the V-shaped slot can form an obvious stress concentration at the tip, which changes the crack from approximately isotropic extension to directional extension along the direction of the slots. Under the present two-dimensional homogeneous sandstone model with simultaneous initiation, the 60° slot angle corresponds to the highest peak effective stress and crack control index. For the synchronized two-hole model, when the hole spacing is 70–90 cm, namely the ratio of hole spacing to blasthole diameter is approximately 14–18, the inter-hole crack penetration effect is better, and the proportion of effective cracks along the slot direction is about 80%. These results provide baseline numerical references for sandstone-controlled blasting parameter design under the modeling conditions of this study.
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1. Introduction


Blasting technology is commonly used in tunneling, mining, and underground space engineering, and rock fragmentation methods; their rock-breaking efficiency and contour control effect directly affect the quality of construction, safety, and economy. In the traditional circular hole blasting process, the explosive stress waves and explosive gases usually act on the rock body around the hole wall in a nearly uniform manner; the energy release is weak in direction, which can easily lead to over-excavation, under-excavation, excessive damage with associated blasting vibrations and other post-work problems [1,2,3,4]. In order to realize the directional release of blasting energy and the controllable expansion of cracks, the directional fracture control blasting technology has gradually received attention. Among them, V-shaped slotted blastholes are made by prefabricating slots in the hole wall or rock body, so that the tip of the slots generates a localized stress concentration, which guides crack initiation and expansion in a predetermined direction [5,6]. Compared with conventional circular holes, V-shaped slotted blastholes have a greater potential for application in terms of improving crack guidance, reducing damage in non-target directions, and improving the molding quality of excavation contours.



In recent years, scholars have carried out a large number of studies on the mechanism of slotting hole blasting, crack extension, and optimization of blasting parameters. In terms of crack extension mechanism, studies have analyzed the characteristics of the explosive stress wave propagation and crack extension under different slot angles, slot depths, and rock strength conditions, and revealed the influence of the slot structure on the crack initiation direction and extension path [7,8,9,10]. In terms of numerical simulation, numerical methods such as LS-DYNA, ANSYS, UDEC, FLAC3D, etc., have been widely used to study the stress field evolution, damage distribution and crack extension law in slotted hole blasting, and the related studies have shown that the slot structure can significantly change the stress distribution around the shell hole and improve the directionality of crack extension [11,12,13,14,15]. In terms of parameter optimization, scholars have explored factors such as slotting depth, slotting angle, borehole spacing, and charging structure [16,17,18,19], which provide an important reference for directional blasting design. Although the existing studies have promoted the understanding of the V-shaped slotted blasting mechanism, there are still the following shortcomings. First, the existing results mostly focus on the crack expansion phenomenon under a single slot parameter or specific working conditions, and lack systematic quantification of the correspondence between peak stress, crack expansion pattern, and crack control effect under different slotting angles. Secondly, the optimal slotting angle is often determined mainly based on numerical simulation results, and there is a lack of mechanical explanation combined with the theory of the stress field at the tip of the V-shaped slotting. Finally, in actual projects, the holes are usually arranged in the form of double holes or multiple holes, and whether the cracks between the holes can be effectively penetrated directly affects the quality of rock fragmentation and the control effect of the excavation contour. The influence of the hole spacing on the crack penetration behavior of the double-hole V-slotted blasting still needs to be further researched.



Based on this, this paper takes sandstone as the research object, adopts LS-DYNA to establish the numerical model of blasting for circular and V-shaped slotted blastholes, and simulates the interaction among explosives, air, and rock body based on the ALE fluid–solid coupling algorithm. Firstly, the authors compare the stress field distribution and crack extension characteristics of circular and V-slotted blastholes; secondly, we analyze the variation rules of peak effective stress, crack extension pattern and crack control index under different slotted angles, and establish the quantitative connection between the slotted angle and the crack-guiding effect; subsequently, we combine with the theory of the stress field at the tip of the V-shaped slotted blastholes to explain the mechanism of the formation of the better slotted angle; finally, we establish a two-hole V-shaped slotted blasting model to study the interaction between explosives and rock body with different hole intervals. Finally, a two-hole V-shaped slot blasting model is established to study the crack penetration law between holes under different hole-spacing conditions. Compared with the existing studies, the main contributions of this paper are as follows: combining the slotting angle, peak effective stress, and crack control index to quantitatively evaluate the crack-guiding effect under different slotting angles; introducing the theory of the stress field at the tip of the V-shaped slotting to mechanically explain the mechanism of the formation of the more optimal slotting angle; and further extending the analysis of the single-hole slotting blast to the two-hole model to quantify the influence of the hole spacing on the crack penetration effect. This paper can provide numerical references for the design of V-shaped slotted blast hole parameters in sandstone-controlled blasting. It should be noted that this study focuses on the geometric effect of V-shaped slots and the influence of hole spacing under simplified numerical conditions. The proposed 60° slot angle and 70–90 cm hole spacing are therefore interpreted as baseline numerical results under the present modeling assumptions rather than direct field design parameters.




2. Numerical Analysis Model


2.1. Model Building


In this study, the problem is simplified to a plane stress problem. This plane stress model represents the middle cross-section of a long blasthole and is mainly used to compare the in-plane crack-guiding effect of different slot angles and hole spacings. Longitudinal stress wave propagation, axial confinement, and end effects along the blasthole are not included in the present two-dimensional model. Figure 1 shows the plan view of the 30° slotted hole, and other angles of slotted holes are constructed in the same way. The model selects a fixed slot depth of 15 mm, takes the slotting angle as a single variable, and sets nine slotting angles with a gradient of 10°; the rest of the parameters are unified, the boundary length is 5000 mm × 5000 mm, the radius of the blasthole is 25 mm, the radius of the explosives is 20 mm, and the length of computation is 500 μs in order to compare the difference in the blasting dynamic response of the slotting holes with different angles.




2.2. Algorithm Selection


In the numerical simulation of explosion problems, with the help of LS-DYNA software 2022R1, it is usually necessary to choose among three types of computational methods [20]: Lagrangian, Eulerian, and coupled Lagrangian–Eulerian algorithms (ALE). The Lagrangian method is prone to suffering from a sudden decrease in computational efficiency and accuracy due to severe mesh distortions and even negative mesh volume values, which ultimately force the computation to be interrupted when dealing with large deformation problems in fluids and gases. In contrast, the Eulerian method, although more cumbersome and inefficient in boundary situations, has the advantage of being able to handle large deformation problems better. The ALE algorithm combines the advantages of the Lagrange and Euler methods, which can effectively deal with the fluid–solid coupling and large deformation problems. As an algorithm to deal with the fluid–solid interaction, it not only supports the self-migration of materials but also successfully overcomes the challenges of mesh deformation and material coupling and realizes the simplification of the setting of boundary conditions. The numerical simulation framework of this study aims to reproduce the diffusion process of explosion-induced shock waves in a gaseous environment covering a wide range of materials, such as gases, explosives, and rocks, and in view of which the ALE algorithm is selected as the most appropriate solution.




2.3. Naturalistic Material Model


In LS-DYNA software, the MAT_JOHNSON_HOLMQUIST_CERAMICS (JH2) model [21] was used to simulate the dynamic properties of the surrounding rock. Based on the specific simulation results and the special properties of sandstone, the HJ2 model is used to describe the sandstone principal relationship, and the HJ2 principal model adopts the damage parameter D to measure the damaged condition of the surrounding rock, while the damage parameter D is determined by assessing the cumulative effect of the equivalent plastic strain and the plastic volumetric deformation. The expression for D [22,23] is


  D = ∑    Δ   ε   p       ε   f   p       



(1)




where   Δ   ε   p     is the cumulative integral of the effective plastic strain of the material in one cycle;     ε   f   p     is the ultimate plastic strain of the material at hydrostatic pressure.



The physical and mechanical parameters of sandstone used in this study are listed in Table 1. These parameters include density, compressive strength, Young’s modulus, P-wave velocity, and Poisson’s ratio, which can characterize the basic mechanical properties, elastic deformation behavior, and the stress wave propagation capacity of sandstone, as well as provide a basis for the subsequent selection of JH2 material model parameters and blasting dynamic response analysis.



In LS-DYNA, the MAT_HIGH_EXPLOSIVEg_BURN material model [24] and the EOS_JWL [25,26] equation of state are used to simulate the explosives. The JWL equation of state is shown in (2). The JWL equation of state is a semiempirical equation describing the pressure–volume–energy relationship of the detonation products of cohesive explosives, and it is widely used in the simulation of explosion mechanics and hydrodynamics. The JWL equations fit well with the actual explosion situation and can better simulate the expansion process of the blast products and the propagation of the blast wave.


  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     



(2)




where P is the burst pressure; V is the relative volume; E0 is the initial internal energy density; A, B, R1, R2, and ω are the burst pressure; and e is the specific internal energy, see Table 2 for details (using the international standard unit: SI).



The air material model involved in the coupling medium is uniformly chosen to be constructed with the material-free material model MAT_NULL embedded in the ANSYS/LS-DYNA software 2022R1 package, and its density   ρ   is set to be 1200 kg/m3, while the rest of the parameters follow the default configurations preset by the system. The equation of state of the air is characterized with the help of a linear polynomial EOS_LINEAR_POLYNOMIAL, which is expressed as follows [27]:


  P   =     C   0     +     C   1   μ   +     C   2     μ   2     +     C   3     μ   3     +   (   C   4     +     C   5   μ   +     C   6     μ   2   ) E  



(3)




where C0, C1, C2, C3, C4, C5, C6 are the input parameters; E is the intercept of the curve between the velocity of the shock wave and the velocity of the mass; air material parameters as shown in Table 3 below (using international standard units: SI).




2.4. Meshing and Boundary Condition Characterization of Blasting Damage in Slotted and Round Holes


The grid is divided as shown in Figure 2a,b, which are the schematic diagrams of the grid division of the circular blastholes and the slotted hole, respectively. The grid division has been refined, and the encrypted grids are used around the periphery of the blastholes and the slotted area to enhance the calculation accuracy and avoid the negative volume phenomenon. The boundary conditions are set as non-reflective mode [28,29] to ensure the free propagation of stress waves. Fluid–solid coupling is adopted on the contact surface between explosives and rock, and the fluid area covers the blasting range to simulate the real working conditions.





3. Simulation Analysis Results


3.1. Characterization of Blasting Damage in Slotted and Circular Holes


In order to reveal the influence of the V-shaped slotted structure on the blasting stress field and crack extension behavior, a conventional circular shell hole and a V-shaped slotted shell hole were selected for comparative analysis.



Figure 3 shows the effective stress cloud during the blasting of a conventional circular hole. Calculation results show that at 50 μs, the explosive gas and shock wave generated by the detonation of explosives rapidly act on the wall of the blasthole. Due to the better geometric symmetry of the circular hole, the hole wall is more uniform in all directions, the stress wave spreads outward with an approximate circular wave front, and the peak effective stress at this time is about 0.62–0.69 GPa. With the time advancing to 200 μs, the stress wave continues to propagate to the interior of the rock body, and the range of the wave front is expanding, and the shock wave is gradually attenuated and converted into a stress wave. At this time, the stress distribution inside the rock body still maintains the obvious cyclic characteristics, and the peak effective stress decreases to about 0.35–0.39 GPa, indicating that the energy of the stress wave gradually decays with the increase in the propagation distance. At 350 μs, the stress wave has been propagated to a larger range of the model; there is still a certain stress concentration near the hole, but the peak value has been further reduced, and the effective stress near the hole wall extreme has a value of about 0.34 GPa. At the 500 μs time step, the stress wave basically propagated to the model boundary, and in the absence of the reflection of the boundary effect is absorbed. There is no obvious reflection interference. On the whole, the blasting stress field of the circular blasthole is more uniformly distributed, and the damage zone is extended outward in an approximate circle, and the cracks are developed in multiple directions without showing obvious dominant extension directions.



Figure 4 shows the effective stress cloud during blasting of a 60° V-shaped slotted blasthole. Unlike a circular blasthole, the V-shaped slotted structure changes the way the explosive load acts around the hole wall. In the 50–200 μs stage, the shock wave formed after the detonation of explosives first acts on the wall of the borehole and propagates along the contour of the borehole. Due to the geometric mutation of the slotting tip, the local stress is concentrated at the end of the slot, and an obvious high stress zone is gradually formed in the region of the slotting tip on both sides of the borehole. This phenomenon indicates that the slot structure can change the propagation path of the explosive stress wave, so that the blast energy is preferentially converged to the vicinity of the slot tip. At 350 μs, the blast gas and stress waves act together on the hole wall and adjacent rock, and the stress concentration at the tip of the slot further promotes the development of local damage, meaning cracks begin to expand along the slot direction. At 500 μs, the stress wave propagates to the boundary of the model and is absorbed, and the crack expansion of the rock body is basically completed. At this time, the damage pattern around the notched hole has changed from the approximate circular distribution in the round hole blasting to the “zigzag” feature along the direction of the slot and its normal expansion, indicating that the V-shaped slot has an obvious guiding effect on the crack expansion.



Circular blastholes due to the hole wall geometry are continuous, smooth, and the curvature in all directions is basically the same. The explosion stress wave and the role of explosive gas on the hole wall are more uniform. Therefore, circular blastholes in the process of blasting stress waves mainly in the approximate circular wave front propagate outward, and the rock damage zone as a whole presents a strong isotropic characteristic. In contrast, due to the obvious geometric mutation at the slot tip, the explosion load is locally concentrated at the end of the slot, which makes it easier to reach the dynamic rock damage conditions in the direction of the slot and its neighboring areas, thus inducing the cracks to preferentially expand along the predetermined direction, and the peak effective stress is approximately 30% higher than that in circular boreholes (Figure 5). In the present model, the detonation process was described by the MAT_HIGH_EXPLOSIVE_BURN material model and the JWL equation of state with a fixed explosive parameter set. Therefore, the reported increase in peak effective stress reflects the response under the selected detonation velocity and charge structure. A higher detonation velocity may further increase the local pressure at the slot tip, but it may also enlarge the crushed zone near the blasthole before stable directional cracks are formed.




3.2. Effect of Slot Angle on the Evolution of the Blasting Stress Field


From the previous conclusions, it is known that the slotted holes have significant advantages over the circular holes, so it is crucial to determine the optimal angle of the slotted holes. In this study, nine slot-angle cases were considered, including one circular-hole case (0°) and eight V-shaped slotted-hole cases with slot angles ranging from 10° to 80° at intervals of 10°. For each slot angle, the evolution of the effective stress field was monitored throughout the blasting process. Representative stress wave distributions at 50 μs, 200 μs, and 350 μs were selected for comparison to evaluate the influence of slot angle on stress concentration and crack-guiding behavior.



Nine slot-angle cases were considered, including the circular hole case of 0° and V-shaped slotted holes from 10° to 80° at an interval of 10°. For each case, the effective stress evolution was extracted within 0–500 μs, and representative stress wave patterns between 50 and 350 μs were compared.



At 50 μs, the explosive is in the initial stage of detonation, and the effective stress reaches its peak, as shown in Figure 6. The time–history curves of effective stress for various slot angles indicate that, within an acceptable range of simulation error, the peak effective stress first increases and then decreases as the slot angle increases, following an inverted U-shaped trend. When the slot angle is 60°, the peak stress is 0.91 GPa, which is the maximum value across the entire range of angles. Within the range of 40–70°, the peak effective stress differs significantly from that at other angles, ranging from 0.74 GPa to 0.91 GPa; thereafter, the peak stress gradually decreases. Simulation results indicate that the slotted angle has a significant effect on the degree of stress concentration during the initial stage of the blast. As the slot angle gradually increases from a smaller angle, the peak effective stress near the slot tip gradually rises, suggesting that appropriately increasing the slot angle helps enhance the concentration of the explosive load in the slotted tip region. When the slot angle increases to approximately 60°, stress concentration at the slotted tip is most pronounced, with the peak effective stress reaching its maximum value across all operating conditions. However, continuing to increase the slot angle causes the peak effective stress to decrease, indicating that an excessively large slot angle weakens the energy-concentrating effect at the slot tip, causing the explosive energy to disperse over a larger cavity area.



From the point of view of the stress wave propagation pattern, there are obvious differences in the stress distribution around the hole at different slot angles. A small-angle slotted hole in the propagation direction of the stress wave change is weak, and the stress wave is still in the form of an approximate circular outward diffusion; the stress field around the hole and the conventional circular hole blasting are relatively close. As the slot angle increases, the stress wave morphology gradually changes from an approximate circular distribution to an elongated oval or band distribution along the direction of the slotting, indicating that the slot structure begins to significantly change the propagation path of the explosive energy, so that the energy is concentrated in the direction of the slotting concentration release. Especially in 60° slot angle conditions, the slotting direction and its normal region have a strong stress response, and the stress field around the hole presents a more obvious “zigzag” concentrated distribution, indicating that the angle of the stress concentration area and the direction of the subsequent crack extension have a better consistency.



A comparison of different slot angles under the peak effective stress and stress wave morphology evolution law can be seen; the slot angle is not larger or more conducive to directional blasting, but the tip stress concentration and directional release of energy achieve a better balance at a reasonable angle. When the slot angle is too small, the slot on the hole around the stress field disturbance is insufficient and difficult to effectively induce crack expansion along the target direction; when the slot angle is too large, the slot cavity volume increases, the tip of the energy concentration effect is weakened, and blasting energy dispersion occurs. In contrast, the 60° slot angle can maintain a strong tip stress concentration while making the stress wave propagate effectively along the slotting direction, thus showing the optimal stress concentration effect. Therefore, based on the effective stress peak and stress wave propagation pattern analysis, 60° can be used as a better grooving angle for directional blasting of V-shaped slotted blastholes under the model conditions in this paper.




3.3. Influence of Slot Angle on Crack Extension and Crack Control Effects


In order to further evaluate the effect of crack extension under different slot angles, the crack control index is introduced as a quantitative evaluation index in this paper. The crack control index is defined as the ratio of the maximum damage depth in the slotting direction to the maximum damage depth in the non-slotting direction and perpendicular to the slotted direction, which can be expressed as follows:


  C C I =     L S     L P      



(4)




where CCI is the crack control index, the maximum damage depth in the slotting direction, the maximum damage depth in the non-slotting direction, and is perpendicular to the slotting direction.



The larger the crack control effect coefficient, the better the crack extension effect of the slotted angle. In conventional circular single-hole blasting, due to the uniform distribution of damage in all directions, the damage control index is roughly equal to 1. For V-shaped slotted blastholes, if the slot has a good guiding effect, the crack length in the target direction is significantly larger than that in the non-target direction, and the crack control index increases accordingly. It can also be seen from Figure 7 that the crack control effect index of the slotted corner is increased by 320% compared to the circular hole. This increase in the crack control index was obtained under the present homogeneous and isotropic sandstone model. In natural sandstone with bedding planes or weak interlayers, blast-induced cracks may be captured or deflected by these structural planes, and the crack control index may therefore be lower than the value obtained in the idealized model.



The crack expansion patterns under different slot angles show that the slot angle has a significant effect on the crack initiation location, expansion direction, and final damage distribution (Figure 8). Under the condition of a small slot angle, although the slot tip can induce a certain local stress concentration, its ability to constrain the crack expansion path is weak, and the cracks may still expand in multiple directions, and the directionality is not obvious enough. With the increase in the slot angle, the crack length in the slotting direction gradually increases, the non-target direction cracks are suppressed, and the crack distribution gradually changes from irregular expansion to directional expansion along the slotting direction and its normal direction. When the slot angle is 60°, the crack extension direction is the most clear, the crack length in the target direction is larger, the crack in the non-target direction is relatively shorter, and the overall crack morphology is obviously distributed in the shape of a “zigzag”. This phenomenon shows that under the condition of a 60° slot angle, the explosion energy can be more concentrated in the slot tip area and induce stable crack expansion along the slotting direction.



The variation rule of the crack control index with the slot angle is basically the same as that of the peak effective stress, i.e., it reaches the maximum value near 60°. This indicates that there is a good correspondence between the peak effective stress and the crack control index: the higher tip stress concentration is favorable for the preferential crack initiation and expansion in the target direction, while a reasonable slotted angle can enhance the stress concentration and crack guidance at the same time. Combining the effective stress distribution, crack expansion pattern, and crack control index, 60° can be taken as a better slot angle for V-shaped slotted directional blasting in sandstone under the simulation conditions in this paper. In order to verify the accuracy of the simulation results, the theoretical analysis will be carried out in the next section and compared with the simulation results.




3.4. Theoretical Derivation of Optimal Slot Angle


In simulation experiments and practical engineering, the results may deviate from the theoretical optimum angle, so the optimum V-shaped slotted blasthole angle is determined with the help of the tip stress field equation. As shown in Figure 9, a polar coordinate system (θ, r) with the slot tip as the origin and a right-angle coordinate system (xoy) are established, where ω is the slot angle.



Qingtong Wei [30] has systematically studied the elastic–plastic stress-displacement field at the tip of a V-shaped incision under plane loading conditions and proposed an analytical solution based on power series expansion [31]. Considering the brittle characteristics of rock materials, this study adopts the classical calculation model in the literature to construct the mathematical expression of the stress field at the tip. In order to analyze the stress concentration characteristics at the tip of the incision, based on Wei Qingtong’s model, the stress component can be expressed as follows:


       σ   x x     =      ∑     n  = 1    ∞        S   n     r     S   n    − 1    {   a   s n 2    ( ( 3    −   (   S   n     +    1 )    A   n    ) cos (    S   n     −    1 )  θ    −    (   S   n     −    1 ) cos (    S   n     −    3 )  θ )     +   b   s n 2    ( ( 2    −     B   n    ( 1    +     S   n    ) ) sin (    S   n    − 1 )  θ    −    (   S   n     −    1 ) cos (    S   n     −    3 )  θ  ) }      



(5)






       σ   y y   =    ∑     n  = 1    ∞        S   n     r     S   n    − 1    {   a   s n 2    ( ( 2  + (   S   n   +  1 )    A   n    ) cos (    S   n     −    1 )  θ + (   S   n      −     1 ) cos (    S   n      −     3 )  θ )     +   b   s n 2    ( ( 2  +   B   n    ( 1  +   S   n    ) ) sin (    S   n     −    1 )  θ   −   (   S   n     −    1 )    sin   (     S   n     −    3 )  θ  ) }      



(6)




where     σ   x x    ,     σ   y y    , are the stress values in the x and y directions, respectively; as12, is the boundary influence coefficient; An, Bn are the coefficients of the stress field distribution; and Sn is the characteristic root of the power series expansion.



In order to find the optimal slot angle, it is especially critical to solve Sn. The correct form of the characteristic equation in the theory of the stress field at the tip of the V-shaped slot is:


    sin          S   n    + 1    2    α        −    m   sin          S   n   − 1   2    α     = 0  



(7)




where m is a coefficient related to the boundary conditions, collapsed to give:


  m =    sin      S n  + 1  2  α     sin     S n − 1  2  α       



(8)







S1, S2, …, Sn, …, are all possible solutions greater than 0 under any given 0 < S1 < S2 … < Sn < …. This equation defines the relationship between the characteristic root Sn and the angle. The smallest positive characteristic root S1 is the most important and dominates the stress concentration at the tip of the slotted cutting. When finding S1, the two ends of the equation about the derivatives, after finishing, can be obtained:


     d m    d α     =        S   n    + 1    2     cos         S   n    + 1    2   α   ·     sin         S   n    − 1    2   α     −     S   n   − 1   2     cos         S   n   − 1   2   α     ·     sin         S   n    + 1    2   α           sin   2           S   n   − 1   2   α         



(9)







When      d m    d α       = 0, there is an extreme value relationship between m and   α  . At this point, S1 = 1, and bringing S1 = 1 into the stress components of X and Y yields:


    σ  x x   =  a  s n 2     3 − 2  A 1    ,      σ  y y   =  a  s n 2     2 + 2  A 1      



(10)







When       σ   yy    /    σ   xx       is the largest value, it indicates that the directional stress concentration effect at the slotted tip is the strongest at this time. To determine the value of       σ   yy    /    σ   xx      , it is crucial to calculate A1. According to the derivation of the slotted theory, the actual formula of A1 is:


  A n = −    cos     S n − 1  2  α     cos     S n + 1  2  α       



(11)







Based on the practical requirements for slotted blasting, when the slot angle is set to 30°, 45°, and 60°, the values of A1 are calculated. Substituting the values of A1 into the calculation, the resulting values of       σ   y y    /    σ   x x       are 0.058, 0.142, and 0.286, respectively. For specific data, see Table 4. Based on the calculation results, when the slot angle is 60°,       σ   y y    /    σ   x x       is maximized, meaning that the tensile stress perpendicular to the X direction is greatest during blasting. Therefore, it can be concluded that when using boreholes with a V-shaped slot, the blast crack will propagate along the line connecting the tips of the V-shaped slot, thereby achieving the objective of directional blasting. Additionally, the best fracture results are obtained when the slotted angle is 60°.



According to the definition of the strength factor K [32]:


  K =   2 π    S 1    1 +  S 1      1 +  A 1     a  s 12    



(12)







Let   k   =     S   1     1   +     S   1       1   +     A   1       then


  K =   2 π   k  a  s 12    



(13)







In this theoretical derivation, K is defined as a slotted angle influence factor under the idealized V-shaped slot tip stress field assumption. It mainly reflects the geometric contribution of the slot angle to tip stress concentration. The effects of in situ ground stress, bedding planes, and three-dimensional confinement are not included in this factor. Therefore, the 60° slot angle obtained from the theoretical derivation should be regarded as the optimal geometric angle under the present assumptions.



When the slot angle is 30°, 45°, or 60°, the value of k is 0.309, 0.828, and 2, respectively. Thus, it can be seen that     k    60 °      is the highest,     k    45 °      is the next highest, and     k    30 °      is the lowest. For sandstone, the higher the value of k, the easier it is for the rock to fracture. Therefore, it can be concluded that a slot angle of 60° yields the best fracturing results.



Based on the theoretical analytical solution of the stress field at the tip of a V-shaped slot, this section systematically analyzes, through mathematical derivation, the influence of the slot angle on the stress distribution at the tip of the blasting hole and the crack initiation efficiency, with the aim of determining the optimal slot angle to achieve the best directional fracture effect. By combining stress field analysis with fracture mechanics strength criteria, this study theoretically confirms that for V-slotted blastholes, when the slot angle is 60°, it most effectively induces and controls the directional propagation of blast cracks, thereby achieving optimal fracture performance.




3.5. Optimization of Hole Spacing and Analysis of Crack Propagation in V-Shaped Double-Hole Slotted Blasting


In actual tunnel excavation, mining operations, and underground engineering projects, blasting typically employs a multi-hole configuration. Whether effective cracks can form and propagate through the rock mass between holes directly affects the quality of rock fragmentation, the effectiveness of excavation contour control, and the efficiency of blasting energy utilization. Single-hole blasting primarily reflects the characteristics of stress wave propagation and crack propagation around a single hole. In contrast, in double-hole blasting, there is a significant stress wave superposition effect between the two holes, and the failure behavior of the rock bridge between them is more complex. For V-shaped slotted blastholes, inter-hole crack propagation depends not only on the superposition of the blast stress waves from the two holes but is also influenced by the guiding effect of the slot structure on the direction of crack propagation. After identifying 60° as the optimal slot angle under the single-hole conditions, this angle was adopted in the double-hole model to further investigate the influence of hole spacing on inter-hole crack propagation. In these simulations, the two blastholes were initiated simultaneously so that the effects of hole spacing, inter-hole stress wave superposition, and V-shaped slot guidance could be isolated under controlled conditions. Therefore, the hole-spacing results discussed below should be interpreted as those obtained under the synchronized initiation condition.



In order to determine a reasonable slotting hole spacing, a conventional circular double-hole model and a V-shaped slotting double-hole model are established to compare and analyze the characteristics of blasting crack expansion under different hole-spacing conditions. The model consists of three parts: rock body, explosives, and air, and the overall size is 10,000 mm × 6000 mm, as shown in Figure 10. Non-reflective boundaries are set around the model to minimize the influence of the reflection of stress waves at the boundaries on the calculation results. The rock body is simulated by a solid unit, and the explosives and air are simulated by a fluid unit. The fluid–solid coupling between the explosion products, air, and rock body is processed based on the ALE algorithm. The selected hole spacing of 50–130 cm covers three typical working conditions: excessive crushing at small spacing, effective penetration at medium spacing, and difficult penetration at large spacing, which are taken as 50 cm, 70 cm, 90 cm, 110 cm and 130 cm, respectively, and the forms of the holes include conventional round holes and 60° V-shaped slotted blastholes, with a total of 10 calculation conditions. In order to ensure the comparability between different working conditions, dimensions of the holes, the charging structure, the material parameters, the uncoupling coefficient, and the boundary conditions are consistent in each model, and the uncoupling coefficient is taken as 2.5.



Figure 11 demonstrates the crack extension results of conventional circular double holes and V-shaped slotted double holes under different hole-spacing conditions. In order to quantitatively evaluate the directional expansion effect of cracks between holes, this paper defines the cracks expanding along the direction of the slot, i.e., the 0° orientation in the direction of the connecting line of the two holes, as the effective excavation cracks, and those expanding in the other directions as the ineffective cracks. The simulation results show that the crack length of the V-shaped slotted twin holes in the 0° direction is significantly larger than that in the non-slotted direction (Figure 11a), indicating that the slot structure can effectively induce cracks to expand to the inter-hole region. In contrast, the cracks in conventional circular double-hole blasting are mostly radially expanded in all directions from the holes; the overall distribution is more uniform (Figure 11d), the lack of an obvious dominant direction, and the inter-hole crack penetration mainly relies on the role of the superposition of stress waves, and the direction of the control ability is weaker.



In terms of crack length and effective crack ratio, a V-shaped slotted twin-hole blasting shows better crack guidance than conventional circular twin holes at different hole spacings (Figure 11c). When the hole spacing is 50 cm, the distance between the two holes is small, the superposition of stress waves is strong, the rock between the holes is easily damaged, and the cracks are able to connect the two holes faster. However, a hole spacing that is too small will lead to more serious crushing damage of the rock bridge between the holes, and a large amount of explosion energy will be consumed in the local crushing zone, which is not conducive to the formation of stable and clear directional cracks. Therefore, although the inter-hole damage is more obvious in the 50 cm case, the damage form is closer to local over-crushing, and the crack orientation and energy utilization efficiency are not optimal.



When the hole spacing is increased to 70–90 cm, the V-shaped slotted double holes show a better crack penetration effect. In this range, the explosion stress wave propagated to the inter-hole area still has enough strength to form effective tensile stress superposition in the rock bridge between the holes; at the same time, the stress concentration at the tip of the slotted guides the cracks to expand stably along the connecting direction of the two holes, so that the cracks in the inter-hole area are gradually penetrated. The simulation results show that the cracks in this spacing range are mainly concentrated between the two holes, the continuity of the damage zone between the holes is strong, and the effective crack length in the 0° direction is larger, and the proportion of effective cracks can be up to about 80% (Figure 11b). This indicates that the 70–90 cm hole spacing can better balance the superposition strength of the stress wave and the guiding effect of the slot, which is a more reasonable range of double-hole spacing under the model conditions of this paper.



When the distance between the holes was further increased to 110–130 cm, the effect of crack penetration between the holes decreased significantly. As the distance between the two holes increases, the explosion stress wave attenuates in the propagation process, and the stress amplitude decreases when it is transmitted to the inter-hole region, and the superposition of tensile stress between the two holes is not enough to continuously drive the crack expansion. At this time, the cracks are mainly developed in the vicinity of the respective holes, the damage zone between the holes is gradually reduced, and the crack expansion pattern tends to be similar to the results of two independent single-hole blastings. Especially in the 130 cm hole spacing, the synergistic effect between the two holes is significantly weakened, and it is difficult to form an effective penetration of the cracks between the holes. For the conventional circular two-hole blasting, there is also the phenomenon of weakening the role of the two holes after increasing the hole spacing, but due to the lack of slotted guiding, the cracks under different spacing are still mainly multi-directional diffusion, and the advantage of target-directed cracks is not obvious.



When there is a comprehensive different hole spacing under the crack length, the proportion of effective cracks and the inter-hole damage penetration pattern can be seen. Two-hole V-shaped slotted blasting hole spacing is neither smaller, better, nor larger; it is not favorable. When the hole spacing is too small, the rock between the holes is easily over-crushed, reducing the efficiency of blasting energy utilization; when the hole spacing is too large, the stress wave attenuation is obvious, and it is difficult to penetrate the inter-hole cracks. The 70–90 cm hole spacing can ensure the effective superposition of inter-hole stresses while giving full play to the guiding effect of the V-shaped slot on the crack expansion path, so that the effective cracks are concentrated in the direction of the two holes. Therefore, under the model parameters and sandstone material conditions of this study, the 70–90 cm spacing, namely the ratio of hole spacing to blasthole diameter of approximately 14–18, can be regarded as a reasonable baseline range for 60° V-shaped slotted double-hole blasting under simultaneous initiation. In actual engineering applications, especially when millisecond delay blasting is adopted, the first blasthole may generate a pre-fractured zone, stress release region, and stress shadow before the subsequent blasthole is initiated. Therefore, the hole spacing should be further modified and optimized by considering delay time, rock strength, hole diameter, charge structure, slot depth, in situ ground stress, and excavation profile requirements.





4. Discussion and Conclusions


In this paper, LS-DYNA was used to establish numerical models of sandstone circular and V-shaped slotted blasting. Based on the ALE fluid–solid coupling algorithm, the effects of slot angle on the blasting stress field, crack propagation pattern, and crack control effect were analyzed. The stress field theory at the tip of the V-shaped slot was further used to explain the mechanical mechanism of the optimal slot angle. On this basis, the influence of hole spacing on inter-hole crack penetration in double-hole V-shaped slotted blasting was investigated. The main conclusions and engineering implications are as follows.



(1) The V-shaped slot structure can significantly improve the directionality of blasting cracks. In conventional circular hole blasting, the stress wave propagates uniformly outward along the hole wall, and the crack propagation direction is relatively dispersed, showing obvious isotropic damage characteristics. In contrast, due to the geometric mutation at the slot tip, V-shaped slotted blastholes form obvious local stress concentrations, which cause cracks to preferentially propagate along the slot direction and its normal direction. Therefore, the V-shaped slot can effectively control the propagation path of blast-induced cracks under the present model conditions.



(2) Under the two-dimensional homogeneous sandstone model adopted in this study, the 60° slot angle is an optimal angle for directional blasting of sandstone V-shaped slotted blastholes. When the slot angle is 60°, the peak effective stress at the slot tip is the largest, the crack control index is the highest, and the crack pattern shows an obvious “zigzag” directional propagation. This indicates that the 60° slot angle can more effectively induce crack initiation and propagation along the target direction, thereby improving the directional blasting effect. However, this result should be understood as the optimal geometric angle under the present simulation conditions rather than a universal field parameter.



(3) The tip stress field theory can explain the mechanical advantage of the 60° slot angle. The theoretical analysis shows that the slot angle changes the stress concentration state in the tip region, and the 60° slot angle corresponds to a stronger tip tensile stress concentration capacity, which is conducive to the tensile damage of sandstone along the slot direction. The theoretical results are basically consistent with the numerical trends of the peak effective stress and the crack control index. It should be noted that the slotted angle influence factor k in the theoretical derivation mainly reflects the geometric effect of the V-shaped slot and does not include the influence of in situ ground stress, bedding planes, or three-dimensional confinement.



(4) In the synchronized two-hole V-shaped slotted blasting model, hole spacing has a significant effect on crack penetration. Under the model parameters and sandstone material conditions used in this paper, when the hole spacing is 70–90 cm, namely the ratio of hole spacing to blasthole diameter is about 14–18, the stress wave superposition between holes and the guiding effect of the slot are more coordinated, and the proportion of effective cracks along the slot direction can reach about 80%. Therefore, the 70–90 cm spacing can be regarded as a reasonable baseline range for synchronized double-hole V-shaped slotted blasting. When millisecond delay blasting is adopted, the first blasthole may form a pre-fractured zone, stress release region, and stress shadow before the subsequent blasthole is initiated, so the optimal hole spacing may shift and should be further modified according to delay time and field conditions.



This paper is based on a two-dimensional homogeneous sandstone model and mainly focuses on the early blasting response within 500 μs, which is suitable for analyzing stress wave propagation, explosion gas action, and initial crack guidance under instantaneous initiation. However, the model has not fully considered in situ ground stress, natural joints, bedding anisotropy, groundwater, multi-hole delayed initiation, charge structure changes, and on-site construction disturbances. If the maximum principal stress is consistent with the slot direction, the guiding effect of the V-shaped slot may be strengthened; if the principal stress direction or bedding plane is oblique to the slot direction, cracks may deviate from the preset direction. Therefore, the 60° slot angle and 70–90 cm hole spacing proposed in this paper should be regarded as numerical reference values under the current model conditions, and they still need to be validated and modified by laboratory blasting tests, delay-blasting simulations, and field engineering experiments.
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Figure 1. Plan view of a 30° slotted angle. 
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Figure 2. Demonstration of the cell grid of slotted holes at different angles. (a) Circular Holes; (b) slotted holes. 






Figure 2. Demonstration of the cell grid of slotted holes at different angles. (a) Circular Holes; (b) slotted holes.



[image: Applsci 16 06112 g002]







[image: Applsci 16 06112 g003] 





Figure 3. Stress wave maps of circular blastholes (Pa). (a) at 50 μs, (b) at 200 μs, (c) at 350 μs, (d) at 500 μs. 






Figure 3. Stress wave maps of circular blastholes (Pa). (a) at 50 μs, (b) at 200 μs, (c) at 350 μs, (d) at 500 μs.



[image: Applsci 16 06112 g003]







[image: Applsci 16 06112 g004] 





Figure 4. Blasting stress cloud for slotted holes (Pa). (a) at 50 μs, (b) at 200 μs, (c) at 350 μs, (d) at 500 μs. 
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Figure 5. Time history of effective stress. 
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Figure 6. Effective stress time course of blasting for slotted holes at various angles. (a) 0–20°; (b) 30–50°; (c) 60–80°; (d) 0–80°. 
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Figure 7. Time course diagram of crack control effect. 
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Figure 8. Blasting crack extension for each slot angle, (a) circular blastholes, (b) 10°, (c) 20°, (d) 30°, (e) 40°, (f) 50°, (g) 60°, (h) 70°, and (i) 80°. 
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Figure 9. A schematic diagram of V-shaped slot parameters. 
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Figure 10. A schematic diagram of the dual-pore spacing model. 
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Figure 11. Relationship between crack length and spacing for double holes. (a) Effective crack length in the 0° orientation; (b) proportion of effective cracks in the 0° orientation; (c) relationship between crack length and spacing for double- slotted holes; and (d) relationship between crack length and spacing for double-circular blastholes. 
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Table 1. Rock mass parameters.
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	  ρ   (kg/m3)
	σc (MPa)
	Ec (GPa)
	Vp (m/s)
	v





	2520
	169.35
	63.94
	0.7
	0.27










 





Table 2. Explosive material parameters.
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	R0
	D
	Pcj
	K
	G
	A
	B
	R1
	R2
	    ω    
	E
	V0





	1320
	6690
	1.6 × 1010
	0
	0
	5.86 × 1011
	2.16 × 1010
	5.81
	1.77
	0.282
	7.38 × 109
	1










 





Table 3. Air parameters.






Table 3. Air parameters.





	    ρ    
	C0
	C1
	C2
	C3
	C4
	C5
	C6
	E0
	V0





	1200
	−1 × 10−6
	0
	0
	0
	0.4
	0.4
	0
	0.25
	1.0










 





Table 4. Blasting parameter values at different angles.
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	ω
	A
	        σ   yy    /    σ   xx        
	k





	30°
	−2   3   /3
	0.058
	0.309



	45°
	−   2   
	0.142
	0.828



	60°
	−2
	0.286
	2
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