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The blasting quality and the rock volume blasted directly affect the cost of mines. A small charge-forward blast crater experiment
was conducted to study the relationships between the rock volume blasted, the explosive unit consumption, the bulk yield, and the
depth ratio. The results showed that the rational resistant line or explosive charge depth should be 0.86 times the optimal resistant
line. Based on theoretical analysis of the large spacing of the holes and the small resistance line, the uniformdesignmethodwas used
to conduct the lateral blasting crater tests. The relationship equations among the blasting parameters, the blasting volume, and the
bulk yield were obtained by regression analysis. The results illustrated that the rock volume blasted was negatively correlated with
the bulk yield.The contribution rates of the resistance lines and the spacing of the holes to the blasting volume regressionwere 32.4%
and 13.9%, respectively, and to the bulk yield regression were 65.0% and 0.256%. The impact of the resistance line on the blasting
volume and the bulk yield was more significant than that of the spacing of the holes. The blasting effect of the rectangular blast
hole arrangement was better than that of the square pattern. The blasting technology of large hole spacing and a small resistance
line could achieve a better blasting effect while ensuring a higher rock volume blasted. The economical and reasonable blasting
parameters were determined as the hole spacing of a=8.5 m and the resistance line width ofW=5.5 m, with the rock volume blasted
of 413.1 m3 and the bulk rate of 0.218%. This method provides an effective method for optimization of the blasting parameters and
has important guiding significance for efficient and economical mining.

1. Introduction

In the mining process, open pits are often faced with the
problem of balancing the blasting quality and the volume of
rock blasted. If the blasting quality is poor, the large block
rate is high, and the block size is not uniform, it will bring
difficulty to the loading and crushing work, resulting in an
increase in production costs. If the blasting quality is good
but the blasting volume is often low, then the overall cost is
still relatively high.

Therefore, obtaining a better blasting quality, reducing the
bulk rate, reducing the unit consumption of explosives, and
controlling the overall cost are the actual technical problems
that must be resolved under the condition of ensuring a high

blasting volume. The scientific determination of reasonable
blasting parameters is the key to obtaining a good blasting
effect. In the blasting design, the blasting parameters are
generally selected with reference to the similar conditions
for the mine; this approach has certain limitations and often
has a certain deviation from the actual site. Usually, the
blast parameters are not the same, even if the same type of
explosive is used, because of the different rock characteristics.
It is well-known that Livingstone’s blasting crater theory plays
an important role in finalizing the blast parameters [1].

Many experts and scholars have conductedmany research
studies to reduce the blasting cost in the mines; such studies
can be categorized into three types. The first type is blasting
crater theoretical analysis. Mr. W. L. Fourney conducted
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Figure 1: Blasting crater schematic. r-Radius of the blasting crater; W-minimum resistant line; R-blasting crater crashed radius; h-visible
depth of the blasting crater; H-depth of the blasting crater; 𝜃-crater angle.

a study of the crushing mechanism of the blasting crater.
The mechanism of fragmentation was one in which the
material between the borehole and the free surface is greatly
weakened by the stress waves over the first 50 𝜇sec or so after
detonation. It was proposed that this greatly weakened area
is subsequently acted upon by the residual pressure in the
hole to create the final crater [2, 3]. Mr. Ze Liu’s optimization
study was conducted using blast parameters of the reduced
section tunnel in hard rock based on the blastingmechanism.
The optimization of the blasting construction parameters
is a dynamic process. The timely adjustments should be
made based on the rock conditions to improve the blasting
efficiency and reduce the blasting cost [4]. Yixian Wang and
his colleagues generated shape-changing energy indices of
the rock in coalmines by setting up the formula of the blasting
crater parameters based on the theoretical analysis according
to the energy balance rule of the Livingstone Blasting Crater.
The deformation energy coefficient of hard coal, mid-hard
coal, and soft coal was found to be 2/62m/kg1/3, 3.05m/kg1/3,
and 3.49 m/kg1/3, respectively [5]. Jin Xu-hao illustrated the
important status and function of the blasting crater in the
study of the rock blasting mechanism. He noted that the
use of the research methods of using fracture mechanics and
damage mechanics to establish a blasting failure model and
the use of numerical models to calculate and analyze the
formation of blasting craters will further deepen the analysis
of the mechanism of blasting craters [6]. The second type
is the numerical simulation of the blasting crater formation
process. Zheming Zhu established the blasting crater value
model and analyzed the crushing impact of the stress on
both the blasting crater and bench blasting; the study mainly
focused on the stress wave loading on rock blasting that
had a very important effect on the control and predictions
of fragmentation of rock in actual blasting [7]. Mr. P. Yan
imitated the dynamic crushing process using a 3DEC model.
An equivalent blasting load considering the detonation gas
pressure was adopted. The results of the study showed that
the muck-pile profile of bench blasting is more sensitive to
the burden distance [8]. The third type is the analysis of the
rock dynamic fracture process. Y. Zhang studied the dynamic
characteristics of thin-layered sandy frozen soil in blasting
and discovered that, regardless of the stage of the explosive,
there appears a critical point of the changes from tension to
compression along the direction from the explosive center
to the surroundings within a radius of approximately 0.9

m [9]. SH Cho and K. Kanekoanalied studied the influence
of the applied pressure waveform on the dynamic fracture
processes in rock. The study results showed that the fracture
processes are affected more by the rise time increases than
by the decay time. A higher stress-loading rate increases the
number of radial cracks and leads to intense stress release
around running cracks. These fracture processes reveal that
crack extension increases with the rise time increase [10].

It could achieve a better blasting effect with the method
of parameter optimization [11]. The relationships between
the rational crushing resistant line and the optimal blasting
resistant line were analyzed by the blasting crater experi-
ments. The tests were conducted with the uniform design
method. The formulas for the parameters, rock volume
blasted, and the blasting quality were obtained by regression
analysis. Taking the comprehensive cost into consideration,
the rational blasting parameters were decided to provide
guidance to achieve efficient mining.

2. Small Charge-forward Blasting
Crater Experiment

2.1. Experimental Methods. The tests aim to explore the
blasting crater parameters and seek the reasonable blasting
resistant line to improve the blasting quality, reduce the
explosive consumption, and increase the explosive usage
efficiency.The experimentswere conducted on a+24mbench
in an open pit, where the rock was rich in cracks with the
hardness of f=12 to 16 and unit weight of 3.4 t/m3. The
diameter of the blasting holes was 250mm,with the explosive
charge of 12 kg per blast hole. The depth of the explosive was
1.5 to 3.9m. To eliminate the interaction between the adjacent
holes, the distance between two holes that were in the same
row was more than 15 m.

The parameters of crater sizes to be measured are the
crater radius, the crater volume, and the crater depth; it is
commonly accepted that the first two can well reflect the
characteristics of a blasting crater. The crater parameters
are shown in Figure 1. The explosive locations distribution
is shown in Figure 2. Every direction of the radius was
measured, as shown in Figure 3; the crater radius (R) is the
average of the crater radius in eight different directions with
an interval angle of 45∘, the center of which is the blast hole.
The bulk yield was determined based on the image analysis
method. The crater shape can be obtained by averaging the
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Table 1: Field experiment results.

No. Explosive
depth L/m

Depth
ratio△
(L/Le)

Crater depth
H/m

Crater radius
R/m Crater angle

Crater
volume
V/m3

Explosive
consumption

(kg/m3)
Remarks

1 1.5 0.38 1.7 2.0 99.3∘ 7.12 1.69
2 1.8 0.46 2.0 2.2 95.4∘ 10.14 1.19

3 2.1 0.54 2.4 2.4 90.1∘ 14.46 0.83 Optimal explosive
depth Lj

4 2.5 0.64 2.2 2.0 84.5∘ 9.22 1.32
5 2.9 0.75 1.9 1.6 80.2∘ 5.09 2.38
6 3.3 0.84 1.3 1.1 75.1∘ 1.36 9.09

7 3.9 1.00 Max. explosive
depth Le

Figure 2: Distribution of the locations of the explosives.

heights. The volume of the rock blasted was measured by the
Parabolic Method (i.e., the Simpson Method).

2.2. Experiment Results. The explosive depths were chosen
from 1.5 m to 3.9 m. Table 1 shows the results of the exper-
iment.

The relationship between the characteristics of the crater
V/Q (the crater volume blasted by unit explosive charge) and
the depth ratio△ is shown in Figure 4.The relationship curve
between the unit explosive consumption Q/V and the depth
ratio is presented in Figure 5.

The maximum explosive charge depth was 3.9 m. With
increasing depth ratio, the crater volume blasted by unit
explosive V/Q demonstrated a trend of first increasing and
then decreasing.When the explosive depthwas at the optimal
value of 2.1 m, the value of V/Q reached the maximum of
1.21 m3/kg, with the crater volume blasted of 14.46 m3. With
increasing depth ratio △, the unit explosive consumption
showed a trend of first decreasing and then increasing. V/Q
reached the minimum of 0.83 kg/m3 when the optimal
explosive charge depth was 2.1 m. The bulk yield reached
the maximum of 0.82% at the explosive depth of 2.1 m (or

Figure 3: Measurement of the crater radius.
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Figure 4: Curve of V/Q versus the depth ratio.
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Figure 5: Curve of the consumption of explosives versus the depth
ratio.
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Figure 6: Curve of the bulk yield versus the depth of the explosives.

at the optimal resistant line), as shown in Figure 6. When
the explosive depth was 1.8 m, with the depth ratio 0.46, the
unit consumption of explosives reached 1.19 kg/m3, but the
crater volume blasted was high at 10.14 m3. Compared with
the depth of 2.1m, the bulk yield at a depth of 1.8m reduced to
0.46%, with the reduction rate of 43.9%.This result illustrated
that reducing the explosive depth or decreasing the resistance
line properly to 1.8 m could still achieve a better blast quality.
Here, the ratio of 1.8-m/2.1-m is 0.86.

Obviously, the volume of rock blasted and the blast
quality are interassociated and mutually conflicting; thus, it
is necessary to balance the relationship between them, as
mentioned above. From the perspective of the explosive usage
efficiency, the explosive energy implied on the rock crushing
is a maximum when the crater volume blasted is the maxi-
mum with the minimum unit explosive consumption. From
the perspective of the mining operation, the blasting quality
directly affects the efficiency of the loading, transportation,
and crushing, which requires that the bulk yield should be
controlled and the rational resistant line must be found.

In summary, the depth ratio must be modestly reduced;
i.e., the resistant line should be decreased to guarantee the
reasonable resistant line and thus modify the blasting quality
in the mining operation. In other words, the optimal blasting
quality should be obtained with the premise of achieving a
relatively high volume of rock blasted. Based on the analysis
above, the reasonable resistant line or the explosive charge
depth should be 0.86 times the optimal resistant line, from
which the advantage of the reduced resistant line can be
enjoyed.

3. Theoretical Analysis

3.1. Wave Interference Theory. Research studies have shown
that when a few waves propagate in a medium at the same
time, whether they meet each other or not, they maintain
the original characteristics, including frequency, wavelength,
amplitude, and vibration direction. Moreover, they are not
affected by other waves. The vibration of any particle in the
meeting area is the synthesis of the vibration caused by each
wave at this point. This rule is called the wave superposition
principle or the independent propagation principle of the
wave, as shown in Figure 7.

When two waves of the same frequency are superim-
posed, the vibrations in some areas are strengthened, the
vibrations in some areas are weakened, and the vibration-
enhanced area and the vibration-reduced area are separated
fromeach other.This phenomenon is calledwave interference
[12–14]. When both wave peaks and (or) both wave troughs
of the two waves meet, the vibration is strengthened and
the vibrations at the peaks and troughs are reduced. If the
distance between a certain point to the two wave sources is
an integral multiple of the wavelength, then the vibration of
the point is strengthened; if the difference is an odd multiple
of the half wavelength, then the vibration is weakened (see
Figure 8).

Assuming the twowave sources are both simple harmonic
vibration, they can be described as follows:

𝑦1 = 𝐴1 cos (𝜔𝑡 + 𝜑1) (1)

𝑦2 = 𝐴2 cos (𝜔𝑡 + 𝜑2) (2)

where A1, A2 are amplitude, 𝜔 is angular frequency, and 𝜑1,𝜑2 are initial phase.
If the one wave travels along r1 and the other travels along

r2, meeting at a point P in the same medium (see Figure 9),
then the partial vibrations caused by these two waves at point
P are

𝑦1 = 𝐴1 cos(𝜔𝑡 + 𝜑1 − 2𝜋𝑟1𝜆 ) (3)

𝑦2 = 𝐴2 cos(𝜔𝑡 + 𝜑2 − 2𝜋𝑟2𝜆 ) (4)

According to the principle of wave superposition, the
combined vibration at point P is the synthesis of these
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Figure 7: Wave superposition principle.

Figure 8: Wave interference.

two partial vibrations. The combined vibration equation is
expressed as

𝑦 = 𝑦1 + 𝑦2
= 𝐴1 cos(𝜔𝑡 + 𝜙1 − 2𝜋𝑟1𝜆 )

+ 𝐴2 cos(𝜔𝑡 + 𝜙2 − 2𝜋𝑟2𝜆 )
(5)

where 𝜆 is wavelength.
The combined vibration is still simple harmonic vibration

given by

𝑦 = 𝐴 cos (𝜔𝑡 + 𝜙) (6)

where A is amplitude of the combined vibration and 𝜙 is
initial phase of the combined vibration.

Thus, we have

𝐴 = √𝐴21 + 𝐴22 + 2𝐴1𝐴2 cos(𝜙2 − 𝜙1 − 2𝜋𝑟2 − 𝑟1𝜆 ) (7)

𝜙
= arctan 𝐴1 sin (𝜙1 − 2𝜋𝑟1/𝜆) + 𝐴2 sin (𝜙2 − 2𝜋𝑟2/𝜆)𝐴1 cos (𝜙1 − 2𝜋𝑟1/𝜆) + 𝐴2 cos (𝜙2 − 2𝜋𝑟2/𝜆)

(8)

If 𝜙1 = 𝜙2, then set Δs = 𝑟2 − 𝑟1 to express the wavelength
difference arriving at point P from the two wave sources.

When Δs = 𝑟2 − 𝑟1 = 𝑘𝜆, 𝑘 = 0, ±1, ±2 . . ., A reaches the
maximum value, A = A1 + 𝐴2.

When Δs = 𝑟2 − 𝑟1 = (2𝑘 + 1)(𝜆/2), 𝑘 = 0, ±1, ±2..., A
reaches the minimum value, A = |A1 − 𝐴2|.
3.2. Mechanism of the Large Spacing of Holes and Small Resis-
tant Line. The blasting technology of large hole spacing a
and small resistant line width W is to enhance the distance
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Figure 9: Two waves meet at point P.

between two blasting holes that are within the same row and
to reduce the distance between two rows under the premise
of keeping the square blasted by each hole constant or slightly
increased to increase the coefficient of a/W. As shown in
Figure 10, with the decrease of resistant line W and increase
of hole spacing a, the two separated blasting craters will be
connected.

It has been proved that this technology is effective in
improving the blasting effect, reducing the unit consumption
of explosives, increasing the amount of detonation, and
reducing the blasting cost, as has been well recognized by
experts both at home and abroad.

The blasting mechanism is as follows.
(1) The reduction of the resistant line and widening of

the blasting crater angle with the blasting impact index of
n>1 lead to the generation of an arc surface, which creates a
favorable crushing condition.
(2)The enhanced hole spacing eliminates the stress wave

interaction between adjacent holes and avoids the early
emission of the blasting gas, thereby prolonging the blasting
impact duration and improving the usage of the blasting
energy.
(3)The increase of hole spacing makes the stress reduc-

tion area caused by the interaction between the peak and
trough of the blasting holes’ radiant wave move out of
the blasting impact area. This approach accomplishes the
following: makes full use of the role of explosion stress,
increases the uniformity of the block, reduces the bulk rate,
and improves the blasting crushing quality.

4. On-Site Lateral Blasting Crater Experiment

4.1. Uniform Design Method. Uniform design is also called
Uniform Design Experimentation. Uniform design was
jointly proposed by Professors Fang Kaitai andWang Yuan of
the Applied Mathematics Institute of the Chinese Academy
of Sciences in 1978. Uniform design is an application of the
“pseudo-Monte Carlo method” in number theory.

Uniform design is implemented through a set of well-
designed tables and only considers the test points evenly
distributed within the test range. The experimental points

Table 2: Evenly designed U5(5
2) experiment schedule.

No. Holes spacing/m Resistant line/m
1 6 5.5
2 7 6.5
3 8 5
4 9 6
5 10 7

are well balanced and dispersed within the scope of the
test, but they still reflect the main characteristics of the
system. Uniform design can greatly reduce the number of
experiments and can achieve the test results by performing
at least one test of orthogonal design.

Because the test results do not have the orderly compa-
rability of the orthogonal test results, the regression analysis
method is used for the processing of the test results. Using
the model derived from regression analysis, the importance
of influencing factors can be analyzed. Moreover, the new
conditional tests can be estimated, predicted, and optimized.
At present, this method has gained international recognition
and has beenwidely used in fields such as aerospace, chemical
engineering, pharmaceuticals, materials, automobiles, and
the environment at home and abroad [15–20].

4.2. Experiment Method. To ensure the high volume of rock
blasted with favorable blasting quality, the density of blasting
holes must be considered to obtain the optimal combination
of hole spacing and the resistant line. The experiments were
conducted in the Heshangqiao open pit of Nanshan Mining
Company, where the rock hardness is f=8 to 12 and the rock
has good integrity. The diameter of the holes was 200 mm,
with the depth of 12.5 m and explosive charge of 180 kg
per hole. The rock emulsion explosives used were produced
by Maanshan Jiangnan Chemical Co., Ltd. The explosive
diameter was 170 mm, with a density of 1.10 g/cm3 ∼ 1.35
g/cm3. The detonation speed was ≥3200 m/s.

To reduce the number of experiments performed and
reduce the effect on mine production, the uniform design
method was implemented. Two holes were initiated simulta-
neously in each experiment. The program of two factors and
five levels was chosen. The two factors were the hole spacing
and the resistant line width.The hole spacing was from 6m to
10m, and the resistant line width was from 5m to 7m. A total
of five tests were conducted. Based on the application table
of uniform design, the U5(5

2) test schedule was produced,
as shown in Table 2. The blast hole layout is presented in
Figure 11.

A picture of the field experiment is shown in Figure 12,
and the blasting crushing effect is shown in Figure 13.

4.3. Analysis of the Experimental Results. The experimental
results are presented in Table 3. The measurement method of
the crater parameterswas the same as that of the small charge-
forward blasting crater experiments.

The choice of regression equation has an important influ-
ence on the research results. Through comparative analysis
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Figure 10: Mechanism of the large hole spacing with a small resistant line (a2 >a1; W2 <W1).

Figure 11: Blast hole layout.

Explosive

Blast hole

Figure 12: Picture of the field experiment.

Bar( Interval 5cm )

Figure 13: Blasting effect.

of each built-in equation, the equation with the highest
coefficient of determination, R2, is chosen as the objective
equation of this paper under the condition that the regression
equation is significant.
(1)The regression equation to be established was

y = b (0) + b (1) ∗ 𝑥 (1) ∧ 2 + b (2) ∗ 𝑥 (2) ∧ 2 (9)

Through the multiple factors regression analysis of the
experiment results, regression coefficients b(i) were

b (0) = −43.6;
b (1) = 2.34;
b (2) = 9.51.

(10)

Thus, the regression equation for the rock volume blasted
was obtained.

y = −43.6 + 2.34𝑥12 + 9.51𝑥22 (11)

where y is rock volume blasted, m3; x1 is hole spacing, m;
and x2 is resistant line, m.

The regression analysis coefficients are shown in Table 4
and Figure 14.

The regression formula produced the following signifi-
cant results: sample N=5, significance level 𝛼=0.05; test value
Ft=82.87; critical value F(0.05,2,2)=19.00; and Ft >F(0.05,2,2).
The regression equation was significant.

Sorted by the partial regression quadratic sum, the contri-
butions of the resistant line and the hole spacing were 32.4%
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Table 3: Experiment results.

No. Holes spacing
a/m

Resistant line
W/m

Rock volume
blasted Q/m3 Crater angle

Explosive
consumption

(kg/m3)

Bulk
Yield/%

1 6 5.5 338.3 98∘ 0.532 0.21
2 7 6.5 463.6 106∘ 0.390 0.33
3 8 5 350.4 104∘ 0.519 0.18
4 9 6 467.1 113∘ 0.392 0.25
5 10 7 670.0 115∘ 0.275 0.42

Table 4: Regression analysis coefficient.

Name 1 2
Regression coefficient b(i) b(1)=2.34 b(2)=9.51
Standard regression coefficient B(i) B(1)=0.444 B(2)=0.678
Partial regression square sum U(i) U(1)=9.79e+3 U(2)=2.28e+4
Partial correlation coefficient 𝜌(i) 𝜌(1,2)=0.9593 𝜌(2,1)=0.9819
Multiple correlation coefficient R=0.9940 R2=0.9881
Regression square sum: U=7.03e+4

Table 5: Regression analysis coefficient.

Name 1 2
Regression coefficient b(i) b(1)=2.29e−4 b(2)=9.75e−3
Standard regression coefficient B(i) B(1)=5.98e−2 B(2)=0.952
Partial regression square sum U(i) U(1)=9.44e−5 U(2)=2.39e−2
Partial correlation coefficient 𝜌(i) 𝜌(1, 2)=0.2847 𝜌(2,1)=0.9783
Multiple correlation coefficient R=0.9858 R2=0.9717
Regression square sum: U=3.68e−2

(U(2)/U) and 13.9% (U(1)/U), respectively. The resistant
line’s contribution was larger than that of hole spacing,
demonstrating that the resistant line had a greater impact on
the volume of rock blasted.
(2) Based on the regression analysis of multiple factors,

the regression equation to be established was

y = b (0) + b (1) ∗ 𝑥 (1) ∧ 2 + b (2) ∗ 𝑥 (2) ∧ 2 (12)

The regression coefficient b(i) was

b (0) = −9.30e−2;
b (1) = 2.29e−4;
b (2) = 9.75e−3.

(13)

The bulk yield formula was the following:

y = −9.3 × 10−2 + 2.29 × 10−4𝑥12 + 9.75 × 10−3𝑥22 (14)

where y is rock volume blasted, m3; x1 is hole spacing, m;
x2 is resistant line, m.

The regression analysis coefficients are shown in Table 5
and Figure 15.

The regression formula produced the following signifi-
cant results: sample content N=5; significance level 𝛼=0.05;

test value Ft=34.39; critical value F(0.05,2,2)=19.00; and
Ft >F(0.05,2,2). This result showed that the regression for-
mula is significant.

The contributions of the resistant line and the hole
spacing (sorted by the partial regression quadratic sum) were
65.0% and 0.256%, respectively. The resistant line’s contribu-
tion was greater than that of the hole spacing, demonstrating
that the resistant line had a greater impact on the bulk yield.
The reduction of the resistant line and increase of the hole
spacing are beneficial to controlling the bulk yield.

Considering that the resistant line has a greater impact
on the volume of rock blasted and the bulk yield than the hole
spacing, reasonably reducing the resistant line and increasing
the hole spacing at the same time can obtain favorable
blasting quality with a high volume of rock blasted. Thus, the
technology of large hole spacing and a small resistant line is
reasonable and practical.

4.4. Determination of the Blasting Parameters. The objective
function of total mining cost is

C = C1 + C2 + C3 + C4 + C5 (15)

where C1 is drilling cost, C2 is blast cost, C3 is shovel and
loading, C4 is transport cost, and C5 is crushing cost.



Shock and Vibration 9

b(2)=9.51

b(1)=2.34

B(2)=0.678

B(1)=0.444

�휌(1,2)=0.9593U(2)=2.28e+4

U(1)=9.79e+3

�휌(2,1)=0.9819

0

2

4

6

8

10
Re

gr
es

sio
n 

co
effi

ci
en

t

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

St
an

da
rd

 re
gr

es
sio

n 
co

effi
ci

en
t

0

5000

10000

15000

20000

25000

Pa
rt

ia
l r

eg
re

ss
io

n 
sq

ua
re

 su
m

0.0

0.2

0.4

0.6

0.8

1.0

Pa
rt

ia
l c

or
re

lat
io

n 
co

effi
ci

en
t

Figure 14: Regression analysis coefficient of equation (11).
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Figure 15: Regression analysis coefficient of equation (14).
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Figure 16: Blasting quality and mining cost.
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Figure 17: Curves of the resistance line, blasting volume, and bulk
yield (hole spacing a=8 m).

The blasting effect not only reflects the accuracy and
rationality of the blasting design parameters and the blasting
methods but also directly affects the subsequent processes,
such as shoveling and loading, transportation and crushing,
and the total mining cost.

In general, the costs of drilling and blasting increase
with the decrease of blasting quality, and the operating costs
of subsequent processes decrease with the improvement of
blasting quality. In theory, there is an “optimum blasting
effect” that makes the total mining cost the lowest (see
Figure 16). On the basis of blasting parameter optimization,
the purpose of controlling the comprehensive mining cost
can be achieved.

By comparing Figures 17 and 18, under similar hole spac-
ing conditions and with the increase of the resistance line,
the amounts of blasting volume and bulk yield both increase.
To obtain a larger volume of rock blasted, it is appropriate
to increase the resistance line. However, to achieve a better
blasting effect and reduce the bulk yield, the resistance line
should be reduced properly.
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Figure 18: Curves of the resistance line, blasting volume, and bulk
yield (hole spacing a=8.5 m).

Moreover, if the resistance line is too large, it is difficult
to blast the rock, making it not conducive to the formation
of a good free surface. Therefore, under the premise of
ensuring a higher blasting volume, while the blasting effect
is improved, the blasting method of large hole spacing and a
small resistance line is suitable.

According to many years of production practice of
the Heshangqiao iron mine, comprehensively taking the
efficiency of loading/crushing and the total mining cost
into consideration, the reasonable and economical blasting
parameters are as follows: the hole spacing a=8.5 m and
resistant line (distance between rows) W=5.5 m, with the
ratio a/W=1.55.

Figures 17 and 18 show that, under the condition that the
bulk rate remains basically unchanged, when the resistance
line is 5.5 m, the rock volume blasted of a=8.5 m can be
increased from 393.8 m3 of a=8 m to 413.1 m3, representing
a 4.9% increase, thus better illustrating the superiority of the
determined blasting parameters.

4.5. Blasting Quality under the Same Blast Area. Figure 19
further verifies the relationships among hole spacing, the
volume of rock blasted and bulk yield, in the case of equal
blasting area a×W=46.75 m2 (8.5 m × 5.5 m). In the same
blasting area of 46.75 m2, with the increase of hole spacing,
the resistance line decreases correspondingly. Moreover, the
rock volume blasted and bulk yield simultaneously shows a
decreasing trend. The negative correlation between blasting
volume and bulk yield can be obtained.Thus, it is necessary to
comprehensively balance the two relationships above tomake
the best economic benefits for mining production.

4.6. Blasting Quality Comparison with Perfectly Square Pat-
terns. The blasting quality and volume of six perfectly square
patterns were compared, as shown in Table 6 and Figure 20.
Here, the hole spacing was equal to the resistance line, a=W.
As the hole spacing and the resistance line increase, the
blasting volume and the bulk yield increase synchronously.
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Table 6: The blasting quality of six perfectly square patterns.

Number Holes spacing/m Resistance line/m Blasting area/m2 Rock volume blasted/m3 Bulk yield/%
1 4 4 16 146.0 0.067
2 5 5 25 252.7 0.156
3 6 6 36 383.0 0.266
4 6.837 6.837 46.75 510.3 0.373
5 7 7 49 537.1 0.396
6 8 8 64 714.8 0.546
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Figure 19: Curve of the same blasting area of 46.75 m2.
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Figure 20: The blasting quality of square patterns.

For the perfect square a×W=6.837 m × 6.837 m (area of
46.75 m2), the blasting rock volume is 510.3 m3, but the bulk
rate reaches 0.373%, which is 71.1% higher than 0.218% of
a×W=8.5 m × 5.5 m, which corresponds to a worse blasting
quality.

It can be seen that blasting quality of a rectangle is better
than that of the square pattern. The rectangle of a×W=8.5 m
× 5.5 m had a better blast quality with a large rock volume

blasted. The advantages of large hole spacing with a small
resistance line were proved.

5. Conclusions

(1) The volume of rock blasted and the blast quality are
interassociated and mutually conflicting. To ensure good
blasting quality and reduce the bulk yield, the charge depth or
the resistant line should be reasonably reduced. This rational
resistant line should be 0.86 times the reasonable resistant line
(or the optimal charge depth).
(2) Uniform design was found to be an effective method

for designing the program of blasting crater experiments
that can reduce the number of tests, decrease the workload
of blasting parameters optimization, and reduce the labor
intensity. R2 of the regression equations for the volume of
rock blasted and the bulk yield were 0.9881 and 0.9717,
respectively. The two regression equations are reliable.
(3) The contribution rates of the resistance lines and

the spacing of the holes to the blasting volume regression
were 32.4% and 13.9%, respectively, and to the bulk yield
regression were 65.0% and 0.256%, respectively. The effect of
the resistance line on the volume of rock blasted and bulk rate
is more significant than that of hole spacing. The amount of
blasting is negatively related to the bulk yield.
(4) The blasting technology of large hole spacing and a

small resistance line can reduce the bulk yield and improve
blasting quality under the condition of ensuring a high
blasting volume. The blasting effect of the rectangular blast
hole arrangement is better than that of the square pattern.
The economically reasonable blasting parameters are defined
as a hole spacing of 8.5 m and a resistance line width of
5.5 m, with a blasting volume of 413.1 m3 and bulk yield of
0.218%. The bulk rate of a perfect square of a×W=6.843 m ×
6.837 m (46.75 m2) in the same blasting area reached up to
0.373%, which was 71.1% higher than that of an 8.5 m × 5.5 m
rectangle.
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