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Abstract: Cutting is a key factor affecting the speed of blasting excavation. With the continuous
advancement of deep-hole blasting technology, determining the optimal extra-depth of the cut
relative to the non-cut blast hole is of paramount importance. By combining model experiments and
numerical simulations, this study systematically investigates the effect of extra-depth on post-blast
damage morphology, damage width, depth, area, and fractal damage. Furthermore, numerical
simulations were employed to validate the experimental results from the perspectives of damage
evolution and peak pressure at monitoring points. The main findings are as follows: The extra-depth
of the cut has a significant nonlinear effect on the blasting outcome. As the extra-depth increases,
blasting damage initially increases but decreases beyond a critical depth due to marginal effects,
leading to the appearance of residual blast hole features. Under experimental conditions, when the
extra-depth was 15 mm, the damage depth, width, and area reached their maximum values of 43.5
mm, 109.9 mm, and 6055.2 mm?, respectively, indicating optimal blasting performance. The fractal
damage of the specimen also exhibited a significant trend of initially increasing and then decreasing.
The maximum fractal damage, obtained by deriving the fitting curve, was 0.75, corresponding to an
extra-depth of 13.7 mm. The numerical simulation results are in good agreement with the
experimental findings, showing a significant downward shift in the peak pressure points in the
damage zone with increasing extra-depth. In summary, an appropriate extra-depth can achieve
optimal borehole utilization, while an excessive extra-depth can lead to residual blast hole formation
at the bottom of the cut, reducing effectiveness. This study provides theoretical guidance for
optimizing the design parameters of extra-depth in deep-hole blasting.

Keywords: deep-hole blasting; model experiment; LS-DYNA; fractal damage

1. Introduction

Blasting technology [1,2] is one of the commonly used rock fragmentation methods in the
engineering field, extensively applied in various areas such as mining operations [3], tunnel
excavation [4], and hydraulic construction [5]. Due to its efficient rock-breaking capability and low
cost, it has become the preferred method for both underground [6] and open-pit [7] blasting projects.
In blasting operations, the cut blasting plays a critical role in determining the overall excavation speed
[8,9]. The cut blasting creates a secondary free surface and expansion space within the rock mass,
facilitating smoother and more efficient subsequent blast hole operations. The proper design of cut
blasting parameters is crucial for achieving the desired blasting outcome, as it not only significantly
enhances the excavation speed but also effectively reduces explosive consumption and construction
costs.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202412.1962.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 December 2024 d0i:10.20944/preprints202412.1962.v1

Factors influencing the effectiveness of cut blasting include, but are not limited to, the free face
and expansion space, physical and mechanical properties of the rock, cut design parameters, in-situ
stress, and the type and amount of explosives used. Numerous studies have been conducted by
blasting scholars on these factors. Regarding free face and expansion space, Zheng et al. [10]
conducted experimental and numerical investigations on blasting damage characteristics of a
medium with a single free boundary and obtained a quantitative relationship between the burden
and blasting energy utilization efficiency. Wang et al. [11] employed a coupled numerical approach
combining LS-DYNA (a transient dynamic finite element program) and UDEC (an universal discrete
element code) to compare the dynamic fracture processes in two types of jointed rock masses,
examining the influence of free face on crack propagation. Chen et al. [12] explored the application
of double wedge cuts in improving cut blasting efficiency for medium-depth blasting, analyzing the
cavity formation mechanisms of single and double wedge cuts. Their findings showed that the stress
wave from the first wedge cut causes pre-damage to the rock mass in the cavity of the second wedge
cut, enhancing rock fragmentation and contributing to the formation of a new free surface. Regarding
the physical and mechanical properties of rocks, Bhatawdekar et al. [13] systematically collected rock
mass characteristic data and used artificial neural networks to predict key performance indicators for
drilling and blasting, ultimately improving drilling and blasting efficiency. Haghnejad et al. [14]
utilized a 3D discrete element code to simulate the effects of blast-induced seismic waves on mine
slope stability, examining the comprehensive impact of rock physical and mechanical properties on
blasting damage. Concerning cut design, Li et al. [15] studied the influence of cut blasting parameters,
such as hole spacing and cavity diameter, on cut efficiency in a one-step shaft sinking. The results
showed that optimizing hole spacing improves cut efficiency, while increasing cavity diameter
further enhances cutting performance. Qiu et al. [16] investigated short-delay blasting with a single
free surface in underground mines and found that it improved rock fragmentation and controlled
blast-induced vibrations. Regarding in-situ stress, Yan et al. [17] conducted experimental research on
crater formation of sandstone specimens under different biaxial compressive stresses to investigate
the role of stress on crack propagation, crater characteristics, and fragment distribution. The study
found that biaxial static stress suppresses the formation of radial cracks and promotes the
development of circumferential cracks, increasing crater diameter, area, and volume, and altering the
initial crack morphology. Ding et al. [18] utilized theoretical calculations and numerical simulations
to investigate the propagation characteristics of blast-induced cracks under different in-situ stress
conditions and proposed an improved CDEM method suitable for studying crack propagation in
blasting. The findings showed that in-situ stress conditions have a significant impact on the
distribution of blast-induced cracks and stress evolution, with biaxial unequal in-situ stress having
varying inhibitory effects on horizontal and vertical crack propagation. Regarding the type and
amount of explosives, Wei et al. [19] simulated the effects of explosive properties, rock mass quality,
and loading rate on rock damage. Zhang et al. [20] experimentally studied the blasting fragmentation
of granite cylinders with different charge amounts. The results indicated that increasing the charge
amount improves fragmentation effectiveness, regardless of stemming use.

Although significant progress has been made in the study of cut blasting, some factors have not
received sufficient attention. For instance, the concept of "extra-depth," which refers to the depth
difference between the cut hole and the non-cut blast hole, is typically considered to be greater than
or equal to zero. Extra-depth is also one of the key parameters influencing blasting performance. In
practical engineering applications, the extra-depth is often designed as 200 mm, and this design has
long been a consensus among blasting engineers. However, with the advancement of mine
mechanization and blasting technology, the single-round advance in blasting excavation has
significantly increased. For instance, in shaft sinking, the average single-round advance has increased
from 2.93 meters in the 1970s to 4.31 meters today, and even reaches 5 to 6 meters in some cases. The
increase in single-round advance raises the question of whether it remains reasonable to continue
designing the extra-depth as a fixed value, which warrants further scientific investigation. Currently,
there is still a lack of research and discussion in this area.
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To investigate the influence of extra-depth on the performance of cut blasting, this study
employs model experiments and numerical simulations, using fractal theory as the damage
evaluation method. The study systematically examines the effect of extra-depth on post-blast fracture
morphology, damage width, depth, area, and fractal damage. Numerical simulations are further used
to verify the experimental results from the perspectives of damage evolution and peak pressure. The
findings provide a scientific basis for optimizing the design parameters of extra-depth in deep hole
blasting.

2. Experimental Study on Cut Blasting with Different Extra-Depth

2.1. Experimental Design

Figure 1 shows the schematic diagram of the specimen and the explosive. Plexiglass was selected
as the material for the deep slot model experiments, and the specimen's geometric dimensions were
300 mm x 300 mm x 3 mm (length x width x thickness). A strip-shaped blasthole with a diameter of
3 mm was prefabricated along the midline of the top edge of the specimen as the cut hole, with a
length of He. Another strip-shaped blasthole with the same diameter was prefabricated 17 mm to the
left of the cut hole as the non-cut blast hole, with a length of H~=30 mm. The difference between He—
—the length of the cut hole and Hn— —the length of the non-cut blast hole is defined as He— —the
extra-depth. The loading parameters for the cut and non-cut blast holes were identical; lead azide
was used as the explosive, with a mass of 100 mg and a length of 21 mm. The initiation method was
reverse initiation, and the delay time between the cut and non-cut blast holes was set to 15 ms.
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Figure 1. The schematic diagram of the specimen and explosive.

Twenty-one experimental groups were designed using extra-depth H. as the sole variable,
ranging from 0 mm to 30 mm with increments of 1.5 mm. Each experimental setup was repeated
twice to ensure reproducibility of the results. During the experiment, plasticine was used to secure
the explosive within the borehole, and a detonator probe was inserted into the explosive with a lead

wire connected to the blasting device for initiation.
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Figure 2. Schematic diagram of the blasting model experiment system.

Boundary conditions significantly influence the generation and propagation of blast-induced
cracks. To approximate the single-free-surface condition of rock mass cutting in engineering blasting,
the experimental apparatus depicted in Figure 2 was designed to constrain the specimen. All
components of the setup were fabricated using 405 stainless steel to meet the requirements of
structural rigidity and corrosion resistance during the experiment. During operation, the specimen
was first clamped between two steel plates, followed by inserting steel bars into the grooves along
the steel plate edges. Finally, the steel plates were fixed using bolts. A digital torque wrench was
employed to ensure that all bolts had consistent torque, thereby achieving uniform stress distribution
within the specimen. This setup ensured that the boundary conditions of the specimen closely
matched those in actual engineering blasting, which is crucial for the successful execution of the
experiment.

2.2. Analysis of Post-Blast Fracture Morphology

(a)He=1.5 mm

(b) He=12 mm (c) He=18 mm
G -

(d) He=19.5 mm (e) He=24 mm (f) He=27 mm

Figure 3. Invalid experimental results.

By comparing the post-blast damage morphology of each group of specimens, it was found that
six experimental results in Figure 3 were invalid, as no damage occurred on the right side of the
cutting hole or the left side of the non-cut blast hole. These results were identified as outliers and
subsequently excluded. The cause may be improper handling during explosive wiring, resulting in
low charge density or poor contact of the lead wire, leading to a failure in detonation.
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Figure 4. Binary images of specimen after explosion.
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After excluding the six invalid data sets, the remaining 15 experimental results were binarized
for subsequent evaluation of their blast damage, as shown in Figure 4. The binarized images have
dimensions of 1500x1500 pixels, with a resolution of 138 pixels/cm. In Figure 4, the cutting holes and
non-cut blast holes of specimens with different extra-depths were successfully detonated, resulting
in damage on both sides. Blast-induced cracks propagated from the borehole walls towards the upper
free surface, creating fragments of various sizes, some of which were ejected from the parent material.
Extensive damage occurred between the cutting and non-cut blast holes due to the explosion, with a
large number of fragments being ejected and effectively unrecoverable. Additionally, 2 to 4 long
blast-induced cracks were generated at the bottom of the cutting and non-cut blast holes, attributed
to stress concentration at the bottom of the elongated borehole and the structural effects caused by
the small size of the specimen. Furthermore, at smaller extra-depths, the bottoms of the cutting and
non-cut blast holes tended to connect as shown in Figure 4(a)~(i)), leading to near-complete
destruction of the entire borehole. As the extra-depth increased, residual blasthole features began to
appear, as shown in Figure 4(j)~(0).

2.3. Analysis of Post-Blast Damage Width, Damage Depth, and Damage Area

In this experiment, in addition to the crushed zone and the fracture zone, the blast-induced
cracks, influenced by the free surface, fully extended and interacted with the free surface to form
multiple fragments, with many fragments detaching from the specimen's main body. This region,
where fragments are detached from the main body, is defined as the ejection zone. The crushed zone,
fracture zone, and ejection zone collectively form the damage region of the cutting blast. For
convenient quantitative comparison, the distance from the lower boundary of the damaged region to
the upper boundary free surface is defined as the damage depth, measured in mm. The distance from
the left boundary to the right boundary of the damaged region is defined as the damage width, also
in mm. The area of the damaged region is defined as the damage area, measured in mm? MATLAB
was used to calculate the damage width, depth, and area of the specimen after blasting.
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Figure 5. Curves of blasting damage width, damage depth, and damage area versus He for
specimen.

Figure 5 presents the scatter plots and quadratic polynomial fitting curves for damage width,
damage depth, and damage area versus extra-depth after blasting. Analysis of the scatter plots
indicates that the damage depth reaches its maximum value of 43.5 mm when He = 15.0 mm, the
damage width reaches its maximum value of 109.9 mm when He=16.5 mm, and the damage area
reaches its maximum value of 6055.2 mm? when He=21.0 mm. From the fitted curves, it can be
observed that, with increasing extra-depth, the damage depth, width, and area all show a trend of
first increasing and then decreasing. By deriving the quadratic polynomial fitting curves for damage
depth, width, and area to find the peaks, it is found that the damage depth reaches a maximum value
of 38.6 mm, the damage width reaches a maximum value of 88.7 mm, and the damage area reaches a
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maximum value of 4262.0 mm?, all at H=15.0 mm. The quantitative analysis results are consistent
with the previous analysis of the specimen's failure modes. When He < 15.0 mm, the damage depth,
width, and area all increase with increasing He. When He > 15.0 mm, residual blastholes begin to
appear, and the damage depth, width, and area decrease accordingly. Overall, considering the
damage width, depth, and area of the blasted specimen, an extra-depth of He=15.0 mm is determined
to be optimal for this experiment, corresponding to an extra-depth coefficient of 0.5.

2.4. Analysis of Post-Blast Fractal Damage

Quantitative characterization methods of rock damage include CT scanning [21], acoustic
emission [22], ultrasonic testing [23], and fractal theory [24]. Among them, one approach involves
using the fractal dimension to represent the extent of damage. By combining fractal theory with
damage characterization, the concept of fractal damage (denoted as w) is introduced. This method is
characterized by its low cost, high speed, and simplicity of operation, and it is chosen in this study to
evaluate the damage of the specimens after blasting. Under explosive loading, the relationship
between fractal damage w and the fractal dimension D can be expressed as follows:

D -D,

0=—"—"——

t 0

In the equation: w represents the fractal damage under explosive loading; D is the fractal
dimension of the damaged region after blasting; Do is the fractal dimension of the damaged region
before blasting; Dimax is the fractal dimension in the case of complete damage, where Dimax=2 for two-
dimensional problems, and D= 3 for three-dimensional problems.
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Figure 6. Fitting lines of box-counting dimension for blasting damage zone of specimen.

The crushed zone, fracture zone, and ejection zone in the post-blast images were all painted
black and then imported into the fractal analysis software for processing. The fitting lines for the box-
counting dimension of the damage regions in the post-blast specimens were obtained, as shown in
Figure 6 The correlation coefficients of the fitting lines were all greater than 0.99, indicating a high
degree of data fitting. The slopes of the fitting lines were recorded to determine the box-counting
dimensions of the post-blast specimens for different extra-depth, as shown in Table 1.

Table 1. Fractal dimension of the specimen after blasting.

He/mm 0 3 4.5 6 7.5 9 10.5 13.5
Fractal dimension 1.440 1418 1420 1457 1497 1489 1497 1.535
He/mm 15 16.5 21 225 255 28.5 30
Fractal dimension 1.482 1534 1553 1446 1449 1505 1.499
He/mm 0 3 4.5 6 7.5 9 10.5 13.5

Fractal dimension 1.440 1.418 1420 1457 1497 1489 1497 1.535

The specimen was uniform and undamaged before blasting, thus Do=0. Based on Equation 1 and
Table 1, the scatter plot and cubic polynomial fitting curve of fractal blasting damage w versus extra-
depth He. are obtained, as shown in Figure 7.
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Figure 7. Relationship curve between fractal blasting damage w and He.

From Figure 7, it can be observed that when He=3 mm, the fractal blasting damage reaches its
minimum value 0.709, whereas at He=21 mm, the fractal blasting damage attains its maximum value
0.7765. The cubic polynomial fitting curve of the fractal blasting damage suggests that, as the extra-
depth increases, the blasting damage first increases and then decreases. By deriving the curve to find
the peak, it is determined that the fractal blasting damage reaches its maximum value 0.75 at H=13.7

mm, corresponding to an extra-depth factor of 0.46.
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Figure 8. Connecting line at the bottom of the cavity between the cutting hole and the non-cut blast
hole after blasting.
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Figure 9. Definition of designed extra-depth angle, actual extra-depth angle, and extra-depth angle
conversion rate (taking He=30 mm as an example).

Figure 8 shows the connection between the bottom of the cutting hole and the non-cut blast hole
cavity for specimens with different extra-depth after blasting. To further quantify the appearance of
residual blastholes with increasing extra-depth, the post-blasting result at He=30 mm is taken as an
example, as shown in Figure 9. The concepts of designed extra-depth angle, actual extra-depth angle,
and extra-depth angle conversion rate are defined. The designed extra-depth angle 01 is defined as
the acute angle between line AC, connecting point A at the bottom of the non-cut blast hole and point
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C at the bottom of the cutting hole, and horizontal line L. The actual extra-depth angle 02 is defined
as the acute angle between line AB, connecting point A at the bottom of the non-cut blast hole and
point B at the upper end of the residual blast hole in the cutting hole, and horizontal line L. The extra-

depth angle conversion rate is defined as the ratio of the actual extra-depth angle 0: to the designed
extra-depth angle 01.
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Figure 10. Scatter plot of designed extra-depth angle, actual extra-depth angle, and extra-depth angle
conversion rate vs He.

Figure 10 presents the scatter plot of designed extra-depth angle, actual extra-depth angle, and
extra-depth angle conversion rate versus He. As shown in the figure, with the increase in He, the
designed extra-depth angle 61 continuously increases. When He<15 mm, the actual extra-depth angle
gradually increases with He. When He>15 mm, the actual extra-depth angle fluctuates around 28.8°
(the average value of the actual extra-depth angle for the last 7 groups when He>15 mm). When He=0
mm, the designed extra-depth angle is 0°, and according to the definition, the extra-depth angle
conversion rate does not exist. When He=3 mm, due to the presence of the crushed zone, the extra-
depth angle conversion rate is greater than 1. When 333 mm < He<15 mm, the conversion rate is less
than 1, and it fluctuates upwards with the increase in He. When He>15 mm, the conversion rate
remains less than 1 and fluctuates downwards as He increases.

3. Numerical Simulation of Cut Blasting with Different Extra-Depth

3.1. Establishment of Numerical Model and Design of Case

Using the LS-DYNA software, five numerical models were established, named Case-1 to Case-
5. The dimensions of the numerical models were set to be the same as those of the experimental
models, i.e,, 300 mm x 300 mm, with a thickness of one element, resulting in a total of 178,864
tetrahedral elements. The keyword selection and parameter settings for the explosive and rock mass
were based on the settings in reference [10]. The top surface of the model was left free to simulate the
free surface condition, while the left, right, and bottom surfaces were set as non-reflecting boundaries.
The front and back surfaces were fixed. The explosive and rock mass were coupled through fluid-

solid interaction, where the explosive and air were treated as fluids, and the rock mass was treated
as a solid.

Table 2. Design parameters for Case-1 to Case-5.

Case-1 Case-2 Case-3 Case-4 Case-5
Hy/mm 21 21 21 21 21
He/mm 0 6 15 24 30
Hn/mm 30 30 30 30 30
H¢/mm 30 36 45 54 60
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Table 2 provides the design parameters for Case-1 to Case-5, where Hv represents the explosive
length, Hx represents the length of non-cut blast hole, and H. represents the length of cut blast hole.
The initiation method was set to be inverse initiation, with the initiation point being the geometric
center of the lowest element in the explosive section. The cutting hole was detonated first, followed
by the non-cut blast hole, with a delay time of 15 ms. Taking Case-1 as an example, monitoring point
A was positioned at the midpoint of the line connecting the bottoms of the cutting hole and the non-
cut blast hole. Points B to F were arranged vertically downward from point A at 7.5 mm intervals.
The monitoring point arrangement for the other cases was identical to that for Case-1, as shown in

Figure 11.
U Ae H Ae Ae Ae Ae
Be Be Re Be Be
Cce Cce ce ce ce
De De De De De
Ee Ee Ee Ee Ee
Fe Fe Fe Fe Fe
Monitoring points Monitoring points Monitoring points Monitoring points Monitoring points
(a) Case-1 (b) Case-2 (c) Case-3 (d) Case-4 (e) Case-5

Figure 11. Schematic diagram of monitoring point arrangement for Case-1 to Case-5.

3.2. Analysis of Blasting Damage Evolution

The numerical simulation results of blasting damage for Case-1 to Case-5 are shown in Figure
12. It can be observed from the figure that the numerical simulation results of blasting damage for
Case-1 to Case-5 are in good agreement with the experimental results. Overall, post-blast damage is
mainly distributed on both sides of the cutting hole and non-cut blast hole, initiating from the bottom
of the blast hole and propagating upward toward the free surface. In all cases, severe damage occurs
between the cutting and non-cut blast holes, similar to the experimental findings. Furthermore, the
linkage phenomenon between the non-cut blast hole and the cutting hole is observed. When He =0
mm, the damaged region at the bottom of the non-cut blast hole connects to the bottom of the cutting
hole. As He increases, the damage region from the non-cut blast hole extends diagonally downward,
attracted by the free surface formed by the cutting hole detonating first.
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Figure 12. Evolution process of blasting damage in numerical simulations for Case-1 to Case-5.

In Case-1, at t = 30 ps, the bottom of the cutting hole and the non-cut blast hole are
interconnected, and the area between the cutting hole and non-cut blast hole is completely destroyed.
At t =50 ps, influenced by the explosive, the area between the cutting and non-cut blast holes starts
to eject upward. Both the right side of the cutting hole and the left side of the non-cut blast hole near
the free surface also begin to eject upward. The overall damage area resembles the superposition of
two funnels, resulting in a symmetric damage distribution. At t = 100 ps, the area of the damage
region shows a slower increase compared to t =50 ps, with the ejection process still ongoing. In Case-
2, at t =230 ps, the damaged area at the bottom of the non-cut blast hole exceeds the depth of the non-
cut blast hole, extending diagonally from the bottom of the non-cut blast hole toward the cutting hole.
At t = 50 ps, the damage region continues to expand horizontally, with the downward growth of
damage slowing, and ejection begins. At t =50 us, the overall damage region roughly presents a state
of two superimposed funnels—one larger and one smaller —resulting in an asymmetric post-blast
damage distribution. Considering the limited space, the damage evolution processes for Case-3 to
Case-5 are not detailed individually in this paper.

3.3. Analysis of Pressure Variation Curves at Monitoring Points Over Time

For Case-1 to Case-5, the pressure variation curves for monitoring points A to F are shown in
Figure 13. As depicted, when He = 0 mm (Figure 13(a)), the peak pressure at point A is the highest,
and the peak pressure gradually decreases as the distance from the borehole increases, following the
order: A>B>C>D>E>F. When He = 6 mm (Figurel3(b)), point A still shows the highest peak
pressure. The peak pressure at the six monitoring points follows the order: A>C>B>D >E > F.
Compared to He = 0 mm, the peak pressure at point C surpasses that of point B above it. When He =
15 mm (Figure 13(c)), point A again exhibits the highest peak pressure. The order of peak pressure at
the monitoring points is: A > B > C>D > E > F. When H. = 24 mm (Figure 13(d)), point B shows the
highest peak pressure at 4.76e%, with point C having a pressure value close to that of point B at 4.73e-
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3. The order of peak pressures at the monitoring points is: B> C > A >D > E > F. When H. = 30 mm
(Figure 13(e)), point C has the highest peak pressure, and the order of peak pressure at the six
monitoring pointsis: C>D>B>E>A>F.
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Figure 13. Pressure variation curves for monitoring points A to F in Case-1 to Case-5.

Overall, in Case-1 to Case-5, as He increases, the locations of the pressure peak measurement
points sequentially shift from Point A, Point A, Point A, Point B, to Point C. The increase in the cut
depth leads to a downward shift in the location of the pressure peak between the non-cut blast holes
and the cut holes. When the pressure exerted on a specific unit exceeds its ultimate pressure capacity,
the unit fails, which macroscopically manifests as structural damage. In other words, the increase in
the cut hole depth causes the free surface formed by the cut hole to move downward. This downward
movement of the free surface, formed first by the cut hole, influences the damage region of the non-
cut blast holes to also shift downward at an angle, thereby improving the overall utilization of the

blast holes.
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4. Conclusions

This study aims to explore the effects of different extra-depths in cut blasting on blasting
performance, focusing on changes in damage depth, width, area, crack morphology, and fractal
damage. Using a 2D plexiglass model experiment and numerical simulations with LS-DYNA
software, the mechanisms of rock fragmentation by deep cut blasting, post-blast fractal damage
characteristics, and damage evolution patterns were systematically studied. The core objective of this
research is to optimize the extra-depth design parameters of cut holes to improve blasting efficiency
and provide a scientific basis for engineering applications. The main findings of the study are as
follows:

(1) Nonlinear influence of extra-depth on blasting damage. With increasing extra-depth of the
cut hole, the depth, width, and damage area of blasting damage showed a pattern of first increasing
and then decreasing. Specifically, at an extra-depth of 15.0 mm, the damage depth, width, and area
reached their maximum values, being 43.5 mm, 109.9 mm, and 6055.2 mm?, respectively. Further
analysis using fitted curves showed that the optimal extra-depth is 15.0 mm, at which point the rock-
breaking effect of the cut hole is most significant, achieving the best overall blasting efficiency.

(2) Evolution of damage morphology and fractal characteristics. The experimental results
revealed that the fractal dimension of the post-blast specimens showed a distinct trend of first
increasing and then decreasing with different extra-depths. The maximum fractal damage of 0.75,
obtained through curve fitting and differentiation, corresponds to an extra-depth of 13.7 mm. The
fractal analysis results indicate that the rock-breaking capacity of the cut hole gradually improves
with increasing extra-depth, but beyond the critical depth, the complexity of the damage begins to
decline, leading to the occurrence of residual blast hole phenomena, which adversely affects the rock-
breaking performance of the cut hole.

(3) Consistency between numerical simulation and experimental results. The numerical
simulation results agree well with the experimental results, revealing the evolution process of
blasting damage under extra-depth cutting. With increasing extra-depth, the peak pressure point in
the damage area shifts significantly downward. When the extra-depth reaches an appropriate range,
optimal utilization of the borehole can be achieved; however, excessive extra-depth results in the
appearance of residual blast hole phenomena, which hinders the improvement of the cut
performance.
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