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The weak interlayers in an open-pit blasting bench affect the uniform distribution of explosive energy. To explore the mechanistic
influence of a weak interlayer on the effect of blasting, 9 sets of numerical blasting experiments were constructed using the
orthogonal experiment method. The degree of bench crushing after blasting, the maximum velocity of the rock mass at 0.05 s, and
the displacement of the back of the bench were thus investigated. The analysis revealed that the impact of the thickness of the weak
interlayer, its wave impedance, and its location of occurrence on the bench blasting indicated an ordered decreasing effect. Based
on this, the evaluation method for the master weak interlayer and the design plan of the specific charge structure were proposed.
The evaluated design proposals were verified through both numerical and field tests. The research results will provide a scientific
basis to determine a reasonable charge structure of the bench blasting of rock masses containing weak interlayers.

1. Introduction

China is a country with more coal and less oil, with its coal
output ranked first in the world for many years [1, 2].
Xinjiang is rich in coal resources, with predicted coal re-
serves ranging from 1.82 to 2.19 trillion tons, accounting for
43% of the country’s total predicted reserves [3, 4]. 80% of
Xinjiang’s coal production capacity is supplied by open-pit
coal mines [5, 6]. However, open-pit coal mines in Xinjiang
often have interbedded, alternating, soft, and hard rock mass
strata [7, 8]. In such a scenario, the blasting energy is un-
evenly distributed in the rock body and is easily facilitated to
leak along with the weak layer [9]. This eventually causes
undesirable blasting effects such as a boulder, back-pulling,
and flying rock hazards [10]. As a result, the efficiency of
excavation and transportation is low, the cost of secondary
treatment soars high [11], the safety risks become

paramount, and it also facilitates adverse consequences such
as geological disasters [12].

A weak interlayer refers to a rock layer with low me-
chanical strength, long extension, and a certain thickness
sandwiched between hard rock layers [13, 14]. Scholars have
studied the blasting technology and mechanism of layered
rock masses for a long time and have drawn many con-
clusions. Zeinab et al. have reported the extension behavior
of cracks in layered rock masses [15, 16]. Jong et al. have
given the criterion of the specific crack propagation direc-
tion and proposed the calculation methods for the crack
length [17, 18]. Song et al. had clarified the response
characteristics of weak interlayer under blasting [19, 20], and
Sen et al. proved that weak interlayer is an important factor
affecting the distributio of stress waves [21, 22]. Kaide et al.
summarized the deformation mechanism of soft and hard
interbedded strata under external forces [23, 24], while Song
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et al. investigated the influence of interbedded rock mass on
blasting vibration [25, 26]. Wang et al. clarified the influence
of charge position on the bedding sliding of the weak in-
terlayer [27]. Liu et al. constructed a new evaluation method
of bench blasting effect [28]. Through field tests, Bui et al.
have studied how to use artificial intelligence methods to
predict the influence of blasting vibration on the sur-
rounding area [29, 30].

Through a large number of scholars’ studies, it is evident
that the main reason for the poor blasting effect in this type of
rock mass stratification is that any weak interlayer in the rock
mass changes the propagation path of the blast stress wave,
resulting in excessive energy directed to the weak interlayer
while diminishing the desired effect on the hard rock. Existing
studies have also indicated that the strategic way to solve the
above problems is to change the charging structure of the blast
hole and use methods such as linear density difference or
interval charging to reduce the adverse influence from the
master weak stratum. The most important thing in the ap-
plication of these methods is the need to accurately under-
stand the location, overall occurrence, and local engineering
geological characteristics of this weakest interbedded stratum
in the blasting bench. Subsequently, the specific blasting
parameters can be designed accordingly. However, in the
actual open-pit mine situation, a rock mass bench containing
one or more weak interlayers with little difference in me-
chanical properties is often encountered. Such occurrence
makes it difficult to determine the position of the master weak
interlayer in the rock mass. Therefore, there is an urgent need
for a quick and ready procedure to identify the position of the
master weak interlayer in the rock mass bench. The master
weak interlayer in this article refers to the interlayer that has
the greatest influence on the blasting effect from all the strata
in the rock mass bench.

In response to finding a solution to the above problems,
this article intends to clarify the fundamental properties and
mechanisms of weak interlayers that affect the blasting effect.
Starting from the influence of different weak interlayer
properties on the bench blasting effect based on previous
studies, in combination with the principle of the change of
the master weak interlayer to the minimum resistance line. A
master weak interlayer evaluation was constructed, which
considered weak interlayer thickness and wave impedance,
etc.,, providing a scientific basis for the design of bench
blasting for an interbedded stratum.

2. The Influence of Weak Interlayer on the
Effect of Blasting

To investigate the influence of weak interlayers on the effect of
blasting, this paper used numerical analysis to simulate the
blasting process under different conditions. The objective was
to find out the main factors that affect the blasting effect and the
relationship between the main factors and the blasting effect.

2.1. Design of Experiment. The thickness, the height from
the chassis, the inclination angle, and the physical
characteristics of the weak interlayer in the blasting
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bench were the main changing factors. The inclination
angle of the layering and the blast hole were either
perpendicular or oblique. This reflected on the axial
section of the blast hole with the relationship between the
thickness of the sandwich and the height from the chassis.
Therefore, the research model was a horizontal interlayer.
The influencing factors were the thickness T of the in-
terlayer, the height H from the center of the interlayer to
the chassis, and its wave impedance R (the product of
rock density and longitudinal wave velocity).

Orthogonal experimental design is a design of ex-
periment method that studies multiple factors and levels.
It selects some representative points from all experiments
based on orthogonality to conduct the experiments. This
bears the characteristics of being evenly dispersed, neat,
and comparable. The experiment has 3 set levels for each
of the above 3 elements, resulting in 9 experimental
schemes according to the orthogonal table (Table 1) and
the combination of each element is shown therein.

2.2. Evaluation Method of Blasting Effect. To quantitatively
evaluate the blasting effect in the experiment, this article
uses the following 3 indicators: (1) boulder yield:
according to the specifications of the on-site scraper, this
article judged the block with the largest size greater than
2m in boulder yield. A higher volume fraction of boulder
fragments indicated an adverse blasting effect. (2) Flying
rock: based on the maximum velocity V' of the rock mass
in the bench at 0.05 s after the detonation, a larger value of
V implied a higher probability of flying rock hazards. This
gives rise to a lower blasting safety. (3) Back-pulling: the
displacement of point D at the back edge of the bench (see
Figure 1) was used to evaluate the back-pulling of the
blasting bench. The greater this displacement, the more
serious the impact on the subsequent working area, and
thus creating an adverse blasting effect.

The specific steps for the comprehensive evaluation of
the blasting effect were as follows. First, the blasting
effects from the 9 schemes were scored using the same
indicator with a full score of 9. A higher score indicated a
better blasting effect. Second, the scores of each scheme
under three different evaluation indicators were added to
obtain the M value. Thirdly, the M values from the 9
schemes were sorted from large to small. The scheme with
a smaller ranking indicated a better comprehensive
blasting effect.

2.3. Design of the Numerical Model

2.3.1. Geometric Characteristics of the Model. The model
was designed with one blast hole, which detonated from
the center of the grain, as shown in Figure 1. The size of
the model was as follows: the length in the x-direction was
20 m, the length in the y-direction was 20 m, the bench
height was 10 m, and the slope was 75°. Points A, B, and C
were the velocity monitoring points, and point D was the
displacement monitoring point. The design was carried
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TaBLE 1: Orthogonal experiment scheme of weak interlayer’s influence on bench blasting effect.

Factor Thickness (m) Height (m) Wave impedance (106'kg/(m2~s))
Experiment 1 0.5 1.5 1.88
Experiment 2 0.5 3 3.87
Experiment 3 0.5 4.5 5.24
Experiment 4 1.5 1.5 3.87
Experiment 5 1.5 3 5.24
Experiment 6 1.5 4.5 1.88
Experiment 7 2.5 1.5 5.24
Experiment 8 2.5 3 1.88
Experiment 9 2.5 4.5 3.87
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FIGURE 1: Schematic diagram of the geometry of the numerical model.

TaBLE 2: Design parameters of the numerical blasting model.

Drilling diameter d (mm) Hole distance, a (m)

Overdrilling depth, & (m)

Drilling depth, L (m) Packing length, I; (m)

138 2.42 1.3 11.3 2.8

out according to the bench blasting design speciﬁcation, pooal1o @ \orv, gl @\ ry wE,

and the specific parameters used are shown in Table 2. ¢ = "RV /)¢ + TRy /)¢ + Vv
1 2

2.3.2. Experiment Parameter Settings. The GDEM software,
which was jointly developed by the Joint Laboratory of
Discontinuous Medium Mechanics and Engineering Di-
sasters of the Chinese Academy of Sciences and GDEM
Technology Beijing, Co., Ltd., was used to numerically
analyze the blasting. Table 3 gives the material parameters
used for the blasted rock mass. The mechanical constitutive
model followed the Mohr-Coulomb criterion.

At present, emulsion explosive is used in the blasting
field of an open-pit mine, and almost no other explosive is
used. In order to make the numerical experiment closer to
the actual situation, the explosive used in this paper is an
emulsion explosive. The parameters of emulsion explo-
sives used are shown in Table 4, and the JWL constitutive
model was used for the explosive. The JWL state equation
described the process of the explosive generating shock
pressure. The relationship between pressure and specific
volume in the explosive detonation process simulated by
the JWL state equation is as given as follows:

(1)

where A, B, R, R,, and w are the parameters of the JWL state
function of the explosive. P_; is the initial pressure, V' is the
relative volume, and E is the initial specific internal energy.
See Table 4 for specific parameter settings.

To make the simulation results be represented as ac-
curately as possible while considering factors such as rea-
sonable calculation time and the computing power of
computers, a triangular mesh was used with a unit size of
0.2m. Nonreflective boundary conditions were applied on
the left, right, and bottom surfaces of the model that were in
contact with other rock masses. Free boundary conditions
were applied on other surfaces. The calculation time step was
107%s, the output time interval was 500 steps, and the
calculation termination time was 0.05s. The reason for
choosing 0.05s time after initiation to evaluate the bench
blasting effect is that all explosives have played a role of
crushing at the moment, and after that time, the explosive
energy has only the role of throwing on the bench rock mass,
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TaBLE 3: Physical and mechanical properties of rock-soil used in the numerical simulation.

Density, . fricti , . . .

Lithology p Cohesion, C Internal friction  Young’s modulus, Dynamic tensile Wavg 1mpedzance,
(g/cm3) (MPa) angle, ¢ () E (GPa) strength (MPa) 10° kg/(m™-s)

Surrounding 2.5 10 40 13 12 5.65

rock

Hard 2.0 9 39.0 11 10 5.24

Medium 1.5 1 38 7 6.4 3.87

Soft 1.0 0.36 35.0 2 33 1.88

TaBLE 4: Material parameters of the emulsion explosive material and state parameters of the JWL equation.

Density, p (kg/m3) Detonation velocity, D (m/s) Denotation pressure, Pc; (GPa) A (GPa) B (GPa) R,

Rz w Eo (GPa)

1150 5000

7.4

214.4 0.182  40.2 009 0.5 4.192

but not the role of crushing. Combined with the calculation
ability of the computer, 0.05s after initiation is the most
appropriate time for the end of the numerical calculation.

2.4. Analysis of Numerical Experiment Results

2.4.1. Numerical Experiment Results. This section only
shows the results of the numerical experiments, and all the
figures mentioned are discussed later in Section 2.4.2.
Figures 2(a)-2(i) are the X-direction velocity cloud diagram
of bench blasting at 0.05s under the 9 schemes, while
Figure 2(j) is the statistics of the maximum horizontal ve-
locity in the cloud diagram under each scheme at 0.05 s after
blasting. These figures are discussed later in Section 2.4.2 of
the paper.

Table 5 shows the status of the crushing situation for the
bench rock under each scheme. The boulder yield was
calculated by dividing the total volume of the boulder by the
total volume of the crushing block. Figure 3 shows the
boulder yield statistics under each scheme.

Figure 4 shows the back-pulling situation under each
scheme, where Figures 4(a)-4(i) show the variation of point
D displacement versus time, and Figure 4(j) is the statistics of
the maximum displacement of point D under each scheme.

2.4.2. Analysis of Blasting Effect. The blasting effect evalu-
ation method introduced in Section 1 was used to quanti-
tatively evaluate the bench blasting effects from the 9
schemes. Table 6 gives a comprehensive ranking of the
blasting effect. This shows that scheme 3 gave the best effect
while scheme 8 gave the worst effect. Table 7 is the range
analysis table reflecting the degree of influence on the results.
The range indicates the influence degree of some factors on
the results, and the larger the range is, the greater the in-
fluence degree of the factors on the results is. From the range
analysis results in Table 7, it was seen that the thickness of
the master weak interlayer had the greatest influence on the
blasting effect followed by the wave impedance. The height
of the weak interlayer from the chassis had the least in-
fluence. Figure 5 shows the effect of factors on the trend of
results. The vertical axis is the ranking of the blasting effect,
and the horizontal axis distributes the three levels of the

master weak interlayer thickness, height, and wave im-
pedance. This showed in turn that the blasting effect became
worse with the increase of the thickness and the decrease of
the wave impedance of the weak interlayer. The distance
between the weak interlayer and the chassis had only a minor
influence on the blasting effect and thus showed a trivial
influence trend.

The above analysis showed that the two main factors that
affect the blasting effect of weak interlayer were the thickness
and wave impedance of the weak interlayer. It showed that in
bench blasting of rock masses with multiple layers of dif-
ferent thicknesses and different wave impedances, it was
feasible to combine the wave impedance and thickness of
each weak interlayer in a certain way to determine the master
weak interlayer.

3. Analysis of Mechanistic Influences

To explore the influence mechanism of the weak interlayer
on the blasting effect, the velocity monitoring curves of
points A, B, and C during the blasting process were analyzed.
The mechanistic influences from the weak interlayer on the
energy distribution characteristics of explosives were clari-
fied. Adopting the principle of the minimum resistance line,
the reason for the change in the direction of action of weak
interlayer on explosives was summarized. On this basis, a
charging method to improve the bench blasting effect of
weak interlayer was proposed.

3.1. The Effect of Weak Interlayer on the Energy Distribution of
Explosives. Figures 6(a)-6(i) are the velocity monitoring
curves for point A at the top of the bench, point B of the weak
interlayer, and point C at the bottom of the bench, re-
spectively. Figure 6(j) shows the average velocity difference
calculated based on the velocity monitoring data at the 3
points. As can be seen from this figure, no matter which
scheme of the blasting process was considered, the velocity
of point B was much greater than the velocity at points A and
C. The distribution of the velocity field can represent the
distribution of energy, indicating that when considering the
blasting of a bench containing a weak interlayer, too much
explosive energy was concentrated in and leaked through the
weak interlayer.
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FiGgure 2: Continued.
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FIGURE 2: (a)-(i) Velocity distribution diagram in x-direction at 0.05 s of blasting under 9 schemes (units in (a)-(i) are all m/s). (j) Maximum
velocity-x statistics. (a) Scheme 1. (b) Scheme 2. (c) Scheme 3. (d) Scheme 4. (e) Scheme 5. (f) Scheme 6. (g) Scheme 7. (h) Scheme 8.

(i) Scheme 9. (j) Maximum velocity-x statistics.

TaBLE 5: Bench rock crushing situation.

Scheme 1 2 3 4 5 6 7 8 9
Number of blocks 938 877 1030 1114 1045 1077 1168 1149 1130
Total volume of blocks (m3) 38.30 38.60 38.15 38.68 38.61 38.89 38.51 38.83 38.96
Number of boulders 2 3 1 3 3 3 4 4 3
Total volume of boulders (m?) 1.14 0.85 0.56 1.42 1.49 1.41 1.59 2.87 1.62
Boulder yield (%) 2.99 2.19 1.48 3.67 3.86 3.62 4.12 7.39 4.16

7.39

367 386 362

Boulder yield (%)

Scheme

FIGURE 3: Statistics of boulder yield.

To further quantitatively analyze the degree of uneven
distribution of explosive energy in the blasting process under
the 9 schemes, the velocity monitoring curve under each
scheme was subjected to mathematical cum statistical
analysis. The specific process was as follows. (1) Find the
average velocity of each of the three points under each
scheme. (2) Calculate the difference between the average
velocity of point B and the average velocity of points A and
C, expressed as Aps and Apc, respectively. (3) Calculate
Ay =Apa+ Apc under each scheme. Figure 6(j) gives the
histogram of A, under each scheme, which shows that the
thicker the weak interlayer and the smaller the wave im-
pedance, the larger was the A, of the scheme. It indicated
that the smaller the interlayer wave impedance and the
greater the thickness, the more explosive energy will be
concentrated in the weak interlayer and leak through it.

To explore the relationship between the degree of uneven
distribution of explosive energy in the blasting bench rock
body and the blasting effect, the A, under each scheme was
sorted from small to large and compared with the ranking of
the blasting effect. The results are shown in Figure 7, which
shows that, generally, the blasting effect becomes worse if A,
becomes larger. This showed that the thicker the weak in-
terlayer and the smaller the wave impedance, the more
uneven the explosive energy distribution in the bench, the
greater the leakage at the weak interlayer, and thus the worse
the blasting effect of the bench rock mass.

3.2. Principle of Minimum Resistance Line. The shortest
distance from the center of the grain to the free surface is
known as the minimum resistance line, along the direction
in which the explosive energy will first propagate. However,
when a weak interlayer was present, the explosive stress wave
does not completely propagate in the direction of the
minimum resistance line, which makes the final blasting
effect deviate from the design requirements. Stress waves will
reflect and transmit at the interface of different media. Since
the wave impedance of the weak interlayer was small, it was
equivalent to forming a weak free surface in the bench,
which will affect the direction of the minimum resistance
line in the bench. As shown in Figure 8, the minimum
resistance line was the vertical distance from the center of the
grain to the free slope surface (dotted line). When there was
a weak free surface formed by the master weak interlayer, the
minimum resistance line changed according to the weak free
surface, resulting in a new minimum resistance line direc-
tion (double-dotted line). The specific direction was related
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FIGURE 4: Bench back-pulling situation diagram. (a)-(i) Displacement monitoring curve under 9 schemes. (j) Statistics of the maximum
displacement under 9 schemes. (a)Displacement monitoring curve of scheme 1. (b) Displacement monitoring curve of scheme 2.
(c)Displacement monitoring curve of scheme 3. (d) Displacement monitoring curve of scheme 4. (e)Displacement monitoring curve of
scheme 5. (f) Displacement monitoring curve of scheme 6. (g)Displacement monitoring curve of scheme 7. (h) Displacement monitoring
curve of scheme 8. (i)Displacement monitoring curve of scheme 9. (j) Statistics of the maximum displacement.

TaBLE 6: Blasting effect calculation.

Scheme 1 2 3 4 5 6 7 8 9
Boulder yield (%) 2.91 2.83 2.19 3.67 3.86 3.62 391 7.39 4.16
Score 7 8 9 5 4 6 3 1 2
50 ms velocity (m) 26.6 25.6 26.37 30.3 26.15 40.2 37.87 46.28 41.36
Score 6 9 7 5 8 3 4 1 2
Back edge displacement (cm) 4.895 4.882 4.802 4.957 4.918 5.207 5.258 7.521 5.35
Score 7 8 9 5 6 4 3 1 2
Total score 20 25 25 15 18 13 10 3 6
Comprehensive ranking 2 1 1 4 3 5 6 8 7

to the wave impedance, thickness, and position of the master
weak interlayer, leading to the corresponding change of the
transmission direction of the explosive energy.

3.3. TheInfluence Mechanism of Interval Charging on the Effect
of Blasting. According to the principle of changing the
minimum resistance line of the master weak interlayer of the
rock mass containing the weak interlayer, the center of the

grain should be as far away as possible from the weak in-
terlayer to reduce the influence of the master weak interlayer
on the blasting effect. As shown in Figure 8, comparing
continuous charging and interval charging, it was noted that
the distance between the center position of the grain and the
weak interlayer had been significantly increased regardless of
it being either the upper half or the lower half of the interval
charging. This reduces the probability of explosive energy
leaking along the direction of the master weak interlayer and
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TaBLE 7: Orthogonal experiment results.

Factor Thickness Height Wave impedance Experiment result
Scheme 1 1 1 1 2
Scheme 2 1 2 2 1
Scheme 3 1 3 3 1
Scheme 4 2 1 2 4
Scheme 5 2 2 3 3
Scheme 6 2 3 1 5
Scheme 7 3 1 3 6
Scheme 8 3 2 1 8
Scheme 9 3 3 2 7
Mean 1 1.333 4 5
Mean 2 4 4 4
Mean 3 7 4,333 3.333
Range 5.667 0.333 1.667
40 40
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g g
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Figure 6: Continued.
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FIGURE 6: (a-i) Velocity monitoring curve under 9 schemes. (j) Statistics of average velocity differences under 9 schemes. Velocity
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thus reduced the adverse effect of the master weak interlayer
on the blasting effect.

Therefore, interval charging was the key technology to
solve interbedded stratum blasting. However, in the design
process of the interval charging structure, the location of the
master weak interlayer needed to be accurately determined
to achieve good blasting effects. However, various combi-
nations of the thickness, inclination, and mechanical pa-
rameters of each rock layer existed in the actual bench. Also,
the overall and local engineering geological properties
within the bench were constantly changing. As a result, the
conditions that affect the energy distribution of explosives
were also changing, which caused a certain degree of dif-
ficulty in quickly and accurately determining the location of
the master weak interlayer.

4. Construction of Evaluation Method for
Master Weak Interlayer

According to the thrust of this research, the thickness of the
weak interlayer and wave impedance were the two main

factors that affect the effect of bench blasting. To find out the
influence of the combination of these two factors on the
bench blasting effect, it was found that ranking the ratio of
the wave impedance to the thickness of the weak interlayer
Z;=R,/D; of the 9 schemes from large to small generally
agreed with the comprehensive ranking of the blasting effect.
Therefore, this indicated that it was theoretically feasible to
determine the master weak interlayer by comparing the
magnitude of Z;. Table 8 is the calculation table of the R;/D;
ratio, and Figure 9 is the ranking of the ratio and the effect.
The evaluation method for determining the master weak
interlayer was as follows. First, calculate the wave impedance
R;=p; * C;of each layer separately, and find the largest wave
impedance R,,x. Second, except for the rock layer with the
largest wave impedance, divide the wave impedance of each
rock layer by its thickness to get the ratio Z; = R;/D;. Third,
sort Z; from small to large, with the first layer as the master
and the second as the secondary master weak interlayer.
To obtain a satisfactory blasting effect when performing
weak interlayer evaluation in actual blasting projects, one
should combine the blasting experience and the actual
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TasLE 8: Calculation of R;/D; ratio.
Scheme 1 2 3 4 5 6 7 8 9
R;/D; 3.78 7.74 10.48 2.52 3.49 225 2.10 0.75 1.55
Ratio 3 2 1 5 4 6 7 9 8
ranking
Bfect 1 4 3 5 6 8 7
ranking
10 4

o0

g

4

g

&

Scheme

[ Ranking of Z;
Il Ranking of effect

FIGURE 9: Ratio ranking and effect ranking.

situation on the site to choose interval charging only in the
master weak interlayer or choose to perform interval
charging on both the master weak interlayer and the sec-
ondary master weak interlayer.

5. Validation of the Master Weak Interlayer
Evaluation Method

5.1. Evaluation Process of the Master Weak Interlayer. To
validate the feasibility of the abovementioned evaluation
method in the bench blasting of complex interbedded strata,
a field study was conducted in an open-pit coal mine with
typical soft and hard interbedded strata distribution. A
control group was set up for comparison. The distribution of
the rock formations of the blasting bench is shown in
Figure 10.

The stratigraphy of the rock mass in the bench was
comprised of 5 rock strata. All strata were in parallel contact.
The rock formation was inclined to the free surface of the
bench at an inclination angle of 5°, and the strike was the
same as the extension direction of the free surface. On-site
measurement, sampling, and indoor testing were carried out
to determine the thickness, density, and longitudinal wave
velocity of each layer which were thus obtained. The wave
impedance value of each layer was obtained by calculation
(see the R; wave impedance column in Table 9 for details).
Due to the small inclination angle of the rock layers, the
distance between the top and bottom surfaces of each rock
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FIGURE 10: Schematic diagram of the distribution of rock layers
(unit: m).

layer in the plumb direction was approximately equal to the
thickness of each rock stratum. For the convenience of
calculation, this paper used the vertical distance between the
top and bottom of the rock stratum to directly represent the
thickness of the rock stratum. Since the rock layers had a
certain inclination, the thickness of the @ rock layer and the
® rock layer varied with the location, and the specific
thickness was therefore calculated according to the position
of the blast hole.

The master weak interlayer evaluation was performed on
the bench according to the master weak interlayer evaluation
method introduced in Section 3. First, calculate the wave
impedance of each rock mass in the bench, and find rock
layer @ with the maximum wave impedance. The calculated
results are shown in the wave impedance column of Table 9.
Second, except for the rock layer O with the maximum wave
impedance, divide the wave impedance of the other layers by
their thickness to get Z; of each layer. Z; of each layer is
shown in the Z; column in Table 9. Third, sort Z; of each layer
from small to large. The first-ranked rock layer @ was the
master weak interlayer, and the second-ranked rock layer @
was the secondary master weak interlayer. The calculation
process is shown in Table 9.

5.2. Numerical Experiment Validation. According to the
analysis, it was determined that rock layer @ was the master
weak interlayer, and rock layer @ was the secondary
master weak interlayer. Three sets of experiments were
designed in this numerical experiment to validate the
rationality of the evaluation method. Experiment 1 used
full-hole charge, experiment 2 used interval charging at
the secondary master weak interlayer, and experiment 3
used interval charging at the master weak interlayer.
Taking into account the computing power of the com-
puter, only the two holes near the free surface in the
blasting bench were selected for simulation in this nu-
merical experiment. The bench geometry and charge
structure are shown in Figure 11. The explosive material
parameters, mechanical constitutive, and boundary
conditions of this numerical experiment were the same as
those in the numerical experiment of Section 1. The
initiation point of blasting was set to be the center of the
grain. To achieve a good blasting effect, millisecond
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TaBLE 9: Evaluation calculation of the master weak interlayer.

Rock N . . . . . M k
o Longitudinal wave  Density, p; Wave impedance, Thickness, D; Wave impedance,  Ration aster wea
stratum velocity, C; (m/s) (kg/m?) R; (kg/m>-s) (m) Z; (thickness) ranking, P; interlayer
number Yo L & i K& ! & L evaluation
©) 2660 2480 6596800 5 — —
Master weak
® 1322 1350 1784700 1.5 1189800 1 .
interlayer
® 2668 2372 6328496 1.5 4218997 4
A secondary
@ 1360 1530 2080800 0.5 4161600 2 master weak
interlayer
® 2663 2377 6329951 1.5 4219967 3
2.42 4.96 7.66 2.42 4.96 7.66
0.138 0.138 0.138 0.138
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_ 1 section—4——=—"—~""" 7| _ 1 section 3 —— " 7|
=30 I NI 5 0.0 _ |
7 — = — 7 =TI |
5.1 c: ;{ 51 Section 2{
® . ®
1) 0 Charging
section
25 25
(a) (b)
2.42 4.96 7.66
0.138 0.138
o 7Packing7
N section
o Lharging O]
section | o
— T memal g T g
_ ] section——4———T"" 7|
EN el I
7 "_:—:::::—-———
N
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FIGURE 11: Charging structure (unit: m). (a) Full-hole charge; (b) interval charging at the secondary master weak interlayer; (c) interval

charging at the

master weak interlayer.

differential initiation was used between the two holesinall ~ displacement monitoring graph at the back of the bench. The
three sets of experiments with the initiation interval being  blasting effect evaluation method in this experiment was the

set at 0.025s.

same as the method proposed in Section 1.2. It is seen from

The results thus calculated are shown in Table 10 and  Figure 12 that at 0.1 s after blasting, the maximum velocity of
Figures 12-14. Figure 12 shows the velocity cloud map inthe ~ the bench rock mass of continuous charge was the largest.
x-direction at 0.1s after blasting, and Table 10 shows the = The maximum velocity of interval charging at the master
crushing situation in the bench rock mass. Figure 13 shows  weak interlayer was the smallest, and the maximum velocity
the boulder yield statistical graph, and Figure 14 shows the  of interval charging at the secondary master weak interlayer
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TasLE 10: Bench rock crushing situation.
Experiment 1 2 3
Number of blocks 2877 3389 3722
Total volume of blocks (m?) 94.28 97.32 100.27
Number of boulders 9 8 1
Total volume of boulders (m?) 6.61 3.52 2.85
Boulder yield (%) 7.01 3.61 2.84
g Vx, step: 20003, time: 0.10001 L <2 Vx, step: 20003, time: 0.10001
s . i i 2.77
~0.08 N 1.64
-1.38 0.52
-2.68 -0.60
-3.98 -1.73
-5.28 -2.06
-6.58 -3.98
-7.88 -5.11
-9.18 -6.23
-10.48 -7.36
-11.78 -8.48
(a) (b)
me: 0.10001 11.78
o ik 2.49 12
i 159~
2 10 A
069 & 8.48
-0.21 % 8 -
R 6.51
S 6
201 g
=
291 § i
-3.81
=
-4.71 2
-5.61
0
-6.51 1 5 3
Scheme
(c) (d)

FIGURE 12: (a—c) The velocity distribution in the x-direction at 0.1 s after blasting. (a) Scheme 1. (b) Scheme 2. (c) Scheme 3. (d) Statistics of

maximum velocity-x.
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FIGURE 13: Boulder yield statistics.
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FIGURE 15: Comparison of punching in the blasting process. (a) Layout of blast holes in the explosion zone. (b) Blasting process.

was mediocre. Figures 13 and 14 show that the boulder yield
of the crushing rock mass and the maximum displacement of
the back edge of the bench also showed the same behavior as
the maximum velocity. This indicated that the blasting effect
of bench rock mass was the best when using interval
charging in the master weak interlayer, followed by interval
charging in the secondary master weak interlayer interval,
and the blasting effect of continuous charging was the worst.
Numerical experimental results showed that this master
weak interlayer judgment method was feasible for guiding

interval charging of rock masses with multilayer weak in-
terlayer bench.

5.3. Field Test Validation. The above numerical experiments
showed that it was feasible to use the master weak interlayer
evaluation method proposed in Section 3 to identify the
master weak interlayer. To further validate the feasibility of
this method, this paper carried out a comparative test on the
blasting site and designed two charging structures:
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(b)

F1Gure 16: Comparative analysis of rock mass crushing. (a) Crushing result of rock mass in the test group. (b) Crushing result of rock mass
in the control group.

Strike direction Gk : & : { }
of the bench EeT RIS . Strike direction
: of the bench

Back-pulling
crack

ck-pulling
crack

FiGure 17: Comparative analysis of the back-pulling situation of the bench rock. (a) Back-pulling situation of the test group. (b) Back-
pulling situation of the control group.
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continuous charging and interval charging at the master
weak layer. Figure 15(a) shows the layout of the explosion
area. The delineated area was the blast hole area of the test
group using interval charging, and the other parts were used
as the control group using a continuous charging structure.
Figure 15(b) shows the blasting process. There are few
punching holes in the test group area. This was because the
interval charging structure reduced the amount of charge
mass, reduced unnecessary energy waste, and thus reduced
the cost of blasting.

Figure 16(a) shows the crushing of the bench rock mass
after blasting in the test group. It can be seen that the rock
crushing was relatively uniform, which met the require-
ments of a desirable blasting effect. Figure 16(b) shows the
result of the control group, which shows that due to uneven
energy distribution of explosives, large rock masses were
produced, and thus secondary crushing was needed, which
increased the cost of rock crushing.

Figure 17(a) illustrates the back-pulling results of the
bench for the test group. It can be seen that the degree of
back-pulling was small, and it was distributed along the
strike direction of the bench, which will not affect the
subsequent drilling operations of bench blasting.
Figure 17(b) is the control group, which shows that back-
pulling was more serious, and it was distributed along the
dip direction of the bench that affected the follow-up
operations.

6. Conclusions

This paper presented and studied the problems of the un-
satisfactory blasting effects of rock mass containing weak
interlayers. It further proposed the concept of the master
weak interlayer and clarified the mechanistic influences of
the weak interlayer on the bench blasting effect. On this
basis, the bench master weak interlayer evaluation method
was constructed in combination with the actual needs of the
blasting project, which provided a reasonable basis for the
design of the blasting blast hole of the interbedded stratum
bench. The following conclusions were drawn:

(1) Numerical simulation experiments showed that the
thickness and wave impedance of the weak interlayer
in the rock mass were the main factors that affect the
unwarranted bench blasting effect

(2) The main reason why a weak interlayer can affect the
bench blasting effect was that it caused changes in the
direction of the minimum resistance line and energy
leaked from there. Interval charging will effectively
alleviate this problem

(3) A mathematical method was used to construct an
evaluation method that can quickly determine the
master weak interlayer in a situation with multiple
layers of weak interlayers, the reliability of which was
validated using numerical experiments and field tests

The evaluation method of the master weak interlayer
proposed in this paper was obtained by mathematical
analysis through a small number of experimental results, and
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the reliability was verified in a typical soft and hard inter-
bedded stratum bench. When this method was used to
distinguish the master weak interlayer of a more complex
rock mass bench, further improvements and validations will
be needed to make it more amenable. In addition, the
punching phenomenon of the control group in the field test
might also be related to the packing quality, which requires
more industrial testing for detailed comparative analysis.
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