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Abstract: The accurate identification of delay time in millisecond blasting plays an important role in the optimization of blasting
design and reduction of vibration effect. Through a case study of a surge shaft blasting project, the capability of the EMD (empirical
mode decomposition) method in identifying the delay time of short millisecond blasting with precise initiation was compared with
the instantaneous energy method based on Hilbert—Huang transform (HHT). The recognition rate of the EMD method was more than
80%, while the instantaneous energy method was less than 25%. By analyzing the instantaneous energy of single-hole blasting
signal, it was found that the instantaneous energy method was adaptable to millisecond blasting with delay time longer than half of
the energy peak period. The EMD method was used to identify delay time of millisecond blasting in Zijinshan open-pit mine.
According to the identification results, the blasting parameters were optimized for controlling the blast-induced vibration and
reducing the large block ratio. The field data showed that the velocity peak of ground vibration was reduced by more than 30% under
almost the same maximum charge per delay by the optimization of delay time and detonating detonators. Combining with
slag-remaining blasting and burden optimization of the first row, the large block ratio was reduced to less than 3%. The research
results proved that the identification method based on HHT was feasible to optimize the blasting design. The identification method is
also of certain reference value for design optimization of other similar blasting projects.
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1 Introduction

Hard rock fragmentation by blasting is widely
adopted not only in mining and quarrying, but also in
underground space engineering, dam construction, and
traffic engineering [1-3]. Generally, a part of energy
released during blasting is utilized directly for breaking
rock within target range, while the rest causes damage to
the surrounding rock, structures and environment in the
forms of ground vibration, noise, flying rocks, back
break and air blasts [4—6]. Among all the negative
effects, ground vibration effect is regarded as the head of
blasting hazards which has received widespread attention
from scholars and environmentalists [1-6]. It is of
significant importance to strike a balance between rock
fragmentation and ground vibration reduction through
blasting optimization.

Millisecond blasting technique is an effective

measure to reduce ground vibration and improve rock
breaking by controlling the initiations time and
sequences of detonators [7—9]. Determination of rational
delay time for millisecond blasting is a key factor to gain
favorable blasting effectiveness [10]. Due to the fact that
blasting is influenced by many uncontrollable factors
such as rock property, joint fracture, and nature of the
terrain, determination of delay time simply by field
blasting tests is costly [11,12]. In recent years, a
commonly used method is to make two-stage additions
in different millisecond intervals with measured
single-stage signals of blast-induced vibration and the
delay time is designed according to the reduction rates of
superposition signals [13—15]. However, as the blasting
vibration signal is a typical non-station random signal,
superposition signals are really far away from the real
signals [16]. Thus, a method that can optimize blasting
parameters by actual vibration signal analysis is
excepted.
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It is recognized that the initiation time controlled by
ordinary detonators has initiation errors which could lead
to time-shifted or even missing detonation [17]. In order
to evaluate the quality of millisecond blasting, and thus
to optimize the blasting parameters,
identification of delay time by vibration signal analysis is
highly necessary. There are a number of documents
devoted to studying the delay time identification in
millisecond blasting [16,18—23]. LING and LI [16]
proposed a time-energy analysis method based on
wavelet transform (WT) for identifying real delay time in
millisecond blasting. ZHANG et al [18] used pattern
adapted wavelet method to solve the issue of wavelet
basis selection. QIAN and LI [19] and ZHANG et al [20]
studied the instantaneous energy method and empirical
mode decomposition (EMD) method based on Hilbert—
Huang transform (HHT), respectively. WANG et al [21]
argued that the HHT method could have higher
resolution and better ability to identify the peak point of
signal compared with time—energy analysis method
based on GONG et al [22,23] that the identification rate
of EMD method was about one third higher than that of
instantaneous energy method based on HHT. Generally
speaking, as the time-energy analysis method based WT
is limited by the choice of wavelet-base functions, the
HHT method is more frequently adopted for its
preponderance in self adaptive ability.

Recently, with the increasing demand of the
vibration control, conventional blasting technique with
ordinary detonator detonating could hardly satisfy the
security requirement [22]. High-precision detonators
have been utilized widely for its high initiation accuracy
and excellent security [24,25]. However, the initiation
errors of high-precision nonel detonators (generally less
than +1 ms) could be accumulated gradually, especially
in complicated initiation network with a large number of
detonator time steps [21]. For short millisecond blasting
(less than 25 ms), slight deviation of detonators could
affect the blasting effect. This work comparatively
studies the two HHT methods in identifying the delay
time of short millisecond blasting with precise initiation.
It is found that the identification rate of the EMD method
is sharply higher than the instantaneous energy method.
Finally, the EMD method is used to identify the delay
time of millisecond blasting in an open-pit mine and the
blasting parameters are optimized based on the
identification results.

accurate

2 Identification method of delay time based
on Hilbert—Huang transform (HHT)

2.1 Hilbert—Huang transform (HHT)
Hilbert—Huang transform (HHT) is an adaptive
analysis method proposed by HUANG et al [26,27] and

PENG et al [28], which includes empirical mode
decomposition (EMD) and Hilbert transform. EMD
could decompose non-stationary signals into a series of
intrinsic mode functions (IMFs) with different scales.
Each IMF expanded from a non-stationary time signal by
EMD has its own physical meanings. The procedure for
decomposing a signal x(7) into IMFs is as follows.

1) Get all extreme points of x(¢), then construct the
upper Xp.(f) and lower envelope x.,,(f) separately by
interpolating on all maximums and minimums using
cubic spline function. Similarly, calculate the mean of
the upper and lower envelope:

ml(t):[xmax(t)+xmin(t)]/2 (1)
2) Get A(¢) by subtracting m;(¢) from x(¢):
h(Oy=x(1)=m (1) ()

Normally, the first A(7) is not the IMF component of
x(¢). Treat h(¢) as original signal and repeat the above
steps. A(f) is treated as an IMF component when it
satisfies the following conditions: 1) the number of
extrema and the number of zero crossings must either
equal or be different at most by one; 2) the mean value of
the upper and lower envelopes of the signal is nearly
zZero.

A stopping criterion is given to determine whether
h(f) is a IMF component or not, where the standard
deviation (SD) of two consecutive results can be used as

. ~ 2
3 |h(k—1)(t) Iy (f)| |
SD= ZO‘ oo ‘ 3)

The value of SD is generally in the range of 0.2—0.3
[26,27]. When the value falls into this range, A(f) can be
used as the first IMF component c¢(¢) of x(f). The rest
component r(¢)=x(f)—c;(t) is taken as the original signal
to carry out the next calculation until 7,(¢) falls into the
range of SD or r,(f) becomes a monotonic function from
which no IMF components can be extracted further. In
this way, the original signal can be expressed as

(0= 3 e(0)+1,(0) 4
i=1

where c,(?) is the ith IMF component of x(f) and r,(¢) is
the nth residual error.

Apply Hilbert transformation on each IMF
component as
1 e (f
Hle(@)] =~V | @df (5)
Rl el

where V' is Cauchy’s principle value.
Then, the original signal can be represented as

x(t) = Rei a;(t)exp U w; (t)dt] (6)
i=1
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where Re means the real part, aff) is the amplitude
function. w(¢) is frequency function.

2.2 EMD method

The envelope curves of IMF components are
analyzed after Hilbert transform. The amplitude function
is expressed as

a;(t) =+Jcp () + H?[c(D)] @)

The blasting vibration signal is a typical non-station
random signal, which contains interference signal such
as noise component [23]. The main IMF components
which can represent the basic features of the blasting
signal are selected to apply Hilbert transformation. By
extracting amplitude envelope curve of composite signal
of the several main IMF components, the actual delay
time signal of detonator detonating is obtained [20]. The
EMD method for identifying delay time is actually a
process of denoising, reconstruction, selection and
amplification of the original blasting vibration signal.
Thus, the EMD method has high identification accuracy
for its obvious and recognizable wave crests. The main
problem of EMD method is that the main IMF
components of the signal must be selected carefully by
comparative analysis of all the IMF components. In
addition, relevant experience and certain judgment
ability are required for the analysts.

2.3 Instantaneous energy method
Hilbert instantaneous energy E(f) can be defined as

E(t)= j sz(a), f)dew (8)

The initiation of each detonator in millisecond
blasting is a procedure of energy mutation. The Hilbert
instantaneous energy tells how the signal energy changes
with time [21]. Therefore, the actual delay time can be
identified by reading the energy mutation points which
are generally the wave crests of the instantaneous energy
curve. Compared with the EMD method, the
instantaneous energy method interprets the complete
original signal, not only several main IMF components.

3 Comparative study time
identification ability

on delay

3.1 Engineering survey

The comparative case study is a surge shaft of
Songhuajiang River Water Conveyance Project in Jilin
Province, China, which is set from the water supply
tunnel to the surface. The height of the surge shaft is
50 m. The cross-section of the shaft is simple cylinder
and the diameter is 20 m. The water supply tunnel has
been excavated in advance and a mountain slope 10 m

away from the surge is to be protected. The rock type of
the surge shaft is mainly tuffaceous sandstone with great
solidity. According to the Mohs scale, the hardness of the
rock in the area is 10—12.

The surge shaft is excavated by deep-hole blasting.
A guide shaft in the middle of the surge shaft is
formatted primarily to provide free-face and
compensation space for the main part blasting. The
diameter of the guide shaft is 6 m. 50 holes of the guide
shaft are arranged along four circles with different
diameters, as shown in Fig. 1. Three blasting operations
have been carried out and parameters for the first
blasting are shown in Table 1.

Fig. 1 Blasting holes arrangement and delay time

Table 1 Blasting parameters of surge shaft

Parameter Value
Diameter/mm 165
Blasting height/m 18
Charge layers 5
Layer height/m 3.0-4.5
Burden/m 2.0-2.5
Explosive Emulsion
Single hole charge/kg 100
Specific charge/(kg-m ) 9.8

As the deep blasting holes may skew for
unavoidable construction factor, controlled blasting
technique by using high-precision nonel detonators is
required in the guide shaft blasting [29]. The combined
initiation mode of detonators inside and outside the holes
are used in the first blasting. The detonating delay time
of neighboring segments in the same layer is 9 ms and
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for neighboring layers in the same hole it is 200 ms.
Detonators of the both are installed outside the holes.
The detonators with delay time of 1950 ms are uniformly
installed inside the holes. Delay time of the first layer of
explosives is shown in Fig. 1. During the blasting, five
velocity stations were placed on the surface at different
distances to monitor the ground vibration of three
directions. The measuring results showed that the peak
vertical particle vibration velocity was the largest among
the three components of vibrations induced by blasting.
So, the vertical particle velocities of the monitoring
station are used in this work. The recorded signal of the
vertical ground velocity in the third station is shown in
Fig. 2.
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Fig. 2 Typical blasting signal of vertical vibration velocity

3.2 Comparative study of identification ability

Using the vertical velocity signal, twelve IMF
components are obtained by empirical mode
decomposition. Components of IMF 2, 3, and 4 are
selected by comparative analysis of basic features of the
original blasting signal and all the IMF components.
According to Eq. (7), the envelope curve of composite
signal with the three IMF components is obtained and
given in Fig. 3. Obviously, each peak in the figure
represents the detonators’ initiation of one segment.
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Fig. 3 Envelope curve of IMF components by EMD
identification method

Combining the envelope curve with the blasting
design, delay time of each segment initiation can be
clearly identified. Defining the first peak of the second
layer of explosives as the first detonation, it can be seen
from Fig. 3 that the identified delay time between two
adjacent segments are 10.3, 7.6, 9.3, 9.4, 8.3, 9.7, 9.2,
10.2, and 9.6 ms. As the detonator’s error is +1 ms,
theoretical delay time range between two adjacent
segmentations is 8—10 ms and most of identified delay
time is in the error range. Some identified delay time
beyond the error range may be caused by the
simultaneous initiation of a segment with 5 holes.

According to Eq. (8), the instantaneous energy
curve of blasting signal is obtained and given in Fig. 4.
Compared with the envelope of EMD
identification method in Fig. 3, the distribution of
instantaneous energy curve is more uneven and much
less peak points can be identified to correspond to the
blasting design times.

The recognition rates of the two methods at
different monitoring stations are shown in Fig. 5. The
recognition rates of EMD method are 88.2%, 84.6%,
96.8%, 91.6% and 90.9%, while those of instantaneous
energy method are 24.6%, 8.2%, 15.8%, 14.2%, and
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Fig. 4 Instantaneous energy curve of signal
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Fig. 5 Comparative identification rate of two methods
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18.8%. It is evident that the recognition accuracy of
instantaneous energy method for short millisecond
blasting is extremely low, completely different from its
high identification rate in long millisecond blasting
(normally more than 25 ms) [21]. Conversely, the
recognition accuracy of EMD method for short
millisecond blasting is about 90%, close to long
millisecond blasting. Thus, EMD method is more
suitable for the delay time identification of short
millisecond blasting than the instantaneous energy
method.

3.3 Analysis of instantaneous energy method

To analyze the identification characteristics of the
instantaneous energy method, single-hole blasting
experiments with different charges were carried out. The
instantaneous energy curves of single-hole blasting
signals with 86 kg and 116 kg of explosives are given in
Fig. 6. As shown, the instantaneous energy curve of
single-hole blasting with different charges reaches the
peak in different time. The larger the charge, the longer
the peak-reaching and damping time. For blasting with
86 kg of explosives, the time from energy rising to
damping is 32 ms, while for blasting with 112 kg of
explosives, it is 52 ms. In order to make the peaks of
instantaneous energy obvious and recognizable, the delay
time of adjacent segments should be longer than half of
the energy peak period [23]. For blasting with 86 kg and
112 kg of explosives, when the delay time is not less than
16 ms and 26 ms, respectively, it is feasible to identify
the initiation time by instantaneous energy method.
Otherwise, it is hardly to get high recognition accuracy.

0.7

g
o

32 ms

e e
B

<
]

=

Energy/(cm?-rad+s™)
=
W

) 40 60 80 100
Time/ms

Fig. 6 Instantaneous energy curve of single-hole blasting

4 Optimization of blasting parameters based
on EMD identification method

4.1 Engineering survey
Zijinshan Gold-copper Mine in Fujian Province is
one of the largest scale open-pit mines in China. The

mining area is located in the weathered rock above the
diving surface. The rock type of the mine consists of
medium grained granite, crypto-explosive breccia and
porphyritic dacite. The rock is mainly hardness rock with
some thin layer of weak rock locally.

Deep-hole bench blasting is used in the mine. The
bench height is 12 m and slope angle is 75°. The general
applied design parameters are given in Table 2. The hole
diameter of the bench blasting is 165 mm, and the burden,
spacing and stemming lengths are 5 m, 6 m, and 4 m,
respectively. Hole by hole blasting with high-precision
nonel detonators (errors =1 ms) is used in the mine. The
detonating delay time between rows is 65 ms and the
inter-hole initiation time is 25 ms. Detonators of the two
are installed outside the holes. The detonators with delay
time of 600 ms are uniformly installed inside the holes.

Table 2 General applied design parameters in Zijinshan mine

Parameter Value
Diameter/mm 165
Slope/® 75
Bench height/m 12
Hole height/m 12-13
Burden/m 5
Spacing/m
Stemming/m 4
Maximum charge per delay/kg 145-175
Explosive ANFO

At present, the mine is facing two major problems
as regards blasting: high large block ratio and the
negative effect of blast-induced vibration on the final
slope. According to the regulation that block with
unilateral length longer than 600 mm is defined as large
block, the large block ratio in the mine is usually as high
as 8%, sometimes even more than 10%. The high large
block rate leads to additional costs of secondary
breaking, shoveling and loading. In addition, the final
slopes have the characteristics of steep, great height,
complexity rock properties and low stability [11]. Due to
the influence of blast-induced vibration, small landslide
of the final slopes has occurred several times in the mine.
Therefore, the purpose of this work is to optimize
blasting parameters by delay time identification, and thus
to reduce the big block ratio and mitigate the
vibration-effects.

4.2 Delay time identification and analysis based on
EMD method
During the blasting, five velocity stations at
different distances from the explosion source were
installed on the platforms to monitor the three-directional



1970 Xiu-zhi SHI, et al/Trans. Nonferrous Met. Soc. China 26(2016) 1965—-1974

ground vibration. The number of blasting holes at August
24th, 2015 was 45. The maximum charge of single hole
and total charge were 175 kg and 7278 kg, respectively.
The design delay time of each hole is given in Table 3.
Also, the vertical particle velocities of the monitoring
stations are used in this work. The recorded signal of the
vertical ground velocity in the third station is shown in
Fig. 7. The peak velocity of blasting vibration is 4.44
cm/s. It can be clearly seen from the figure that the
vibration velocity in the second half is apparently higher
than the first half.

Velocity/(cm+s™)

-8 . .

0 0.1 0.2 03 0.4 0.5 0.6

Time/s
Fig. 7 Vertical vibration velocity under original blasting
parameters

Using EMD method, the envelope curve of
composite signal of the main IMF components is shown
in Fig. 8. Defining the first peak as the time of the first
detonation (0 ms), the subsequent detonation time
obtained by EMD method is provided and compared
with the design time in Table 3. The principle of
matching the recognition time with design time is
minimizing the errors between the two. The
corresponding initiation sequences of identified time are
displayed in Fig. 8. Only 25 of all 45 initiation time are

3437
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Fig. 8 Delay time identification under original blasting
parameters

Table 3 Comparison of design time and identified time under
original blasting parameters

Detonation  Theoretical — Delay time Detonation Error/
step No.  delay time/ms  range/ms time/ms ms
1 0 0 0 0
2 25 24-26 23.6 -1.4
3 50 48-52 46,0 —4
4 67 65—69 52.1 -14.9
5 75 72-78 71.2 -3.8
6 92 89-95 90.5 -1.5
7 100 96104 100.1 0.1
8 117 113-121 109.8 =72
9 125 120-130 129.6 4.6
10 142 137-147 142.5 0.5
11 150 144-156 * *
12 167 161-173 * *
13 175 168—182 171.7 -3.3
14 184 178190 * *
15 192 185199 192.0 0
16 200 192-208 202.3 2.3
17 209 202216 * *
18 217 209225 * *
19 225 216234 222.1 —2.9
20 234 226242 238.5 4.5
21 242 233-251 * *
22 250 240-260 251.3 1.3
23 259 250268 * *
24 267 257277 268.8 1.8
25 275 264286 * *
26 284 274—294 * *
27 292 281303 292.4 0.4
28 300 288—312 * *
29 309 298-320 * *
30 317 305—329 3154 —1.6
31 325 312-338 * *
32 334 322-346 * *
33 342 329-355 * *
34 350 336364 345.8 —4.2
35 359 346—372 * *
36 367 353381 * *
37 376 363—389 369.6 —6.4
38 384 370—398 * *
39 392 377-407 * *
40 401 387415 396.3 —4.7
41 409 394—424 * *
42 426 411441 412.8  —13.2
43 434 418—450 * *
44 451 435-467 4413 —9.7
45 476 459—-493 472.2 —3.8
Average 4.0

“*” means unidentified time.
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successfully identified and the recognition rate is 55.6%.
Because of the high recognition accuracy of EMD
method in short millisecond blasting, the recognition rate
reflects the real initiation of blasting at a certain extent.
Low recognition rate shows that superposition effect of
blasting vibration induced by delay error of detonators
has appeared in the millisecond blasting under original
parameters. For the first 20 initiation segments, the
number of unidentified time is 5, while for the
subsequent 25 segments it is 15. It is evident that the
identification rate decreases with the increase of
initiation segments. As the initiation errors of detonators
could be accumulated gradually, the possible initiation
time range of detonators after 20 segments is more than
10 ms (Table 3). Overlap of initiation time ranges is
common between adjacent segments. The initiation time
range for the 43rd segment is 414—450 ms, for instance,
while for the 44th segment, it is 436—467 ms. So,
overlapped initiation time range is 16 ms, which greatly
increases the probability of simultaneous initiation or
even sequentially reversed initiation. In addition, the
disorder of initiation time could lead to increase of
blasting vibration velocity, which can be verified by the
difference of vibration velocity between the first and
second half of the signal (Fig. 7). In view of this, it can
be concluded that the demand of blast-induced vibration
mitigation cannot be satisfied under original initiation
precision of detonators. Thus, detonators with higher
precision should be adopted to reduce the vibration effect
in Zijinshan Gold-copper Mine.

4.3 Delay time optimization based on EMD identify-

cation method

Delay time of millisecond blasting has a great
influence on rock fragmentation. The interference and
superposition of stress wave could be increased by
appropriately reducing of delay time [30]. To improve
the rock breaking effect and mitigate the vibration effect,
millisecond blasting with electronic detonators has been
tested in Zijinshan Gold-copper Mine. The number of
blasting holes at October 28th, 2015 was 32, and the
maximum charge of single hole and total charge were
175 kg and 5124 kg, respectively. The detonating delay
time between rows is 42 ms and the inter-hole initiation
time is 17 ms. All the detonators are detonated by
electronic detonators. The error of electronic detonator is
+1 ms, the same as high-precision nonel detonator.
However, as the detonating time of each electronic
detonator can be set separately, the initiation errors
would not be accumulated gradually. The design delay
time and delay time ranges are given and compared in
Table 4. The vertical ground velocity signal under
electronic detonators recorded by the third station is
shown in Fig. 9. The peak velocity of ground vibration is

2.67 cm/s and the distribution of the velocity signal is
more uniform than signal under high-precision nonel
detonators (Fig. 7).
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Fig. 9 Vertical vibration velocity under optimized blasting

parameters

By using EMD method, the envelope curve and
corresponding initiation sequences of identified time are
shown in Fig. 10. The identified time, design time and
errors between them are compared in Table 4. 27 of all
32 initiation time are successfully identified and the
recognition rate is 84.4%. For the first 16 initiation
segments, the number of unidentified time is 2, while for
the rest, the number is 3. Apparently, there is no obvious
difference of the identification rate with the increase of
initiation segments. Furthermore, the average error under
optimized parameters is 2.1 ms, less than original
parameters (4.0 ms).

Velocity/(cm+s™)

L
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Fig. 10 Delay time identification under optimized blasting

parameters

Delay time of blasting vibration signals recorded by
other stations is also identified using EMD method and
the identification rates with different types of detonators
are compared in Fig. 11. The recognition rates
with high-precision nonel detonators are 67.2%, 64.2%,
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Table 4 Comparison of design time and identified time under
optimized blasting parameters

Detonation Theoretical  Delay time Detonation  Error/
step No. delay time/ms range/ms time/ms ms
1 0 0 0 0
2 17 16-18 15.8 -1.2
3 34 33-35 33.1 -0.9
4 42 41-43 41.4 —-0.6
5 51 50-52 51.5 1.5
6 59 58-68 61.4 24
7 68 67-69 70.8 2.8
8 76 7577 78.1 2.1
9 84 8385 84.8 0.8
10 93 92-94 95.3 2.3
11 101 100-102 103.9 29
12 110 109-111 111.6 1.6
13 118 117-119 * *
14 126 125-127 126.7 0.7
15 135 134-136 * *
16 143 142-144 145 2
17 152 151-153 154.3 2.3
18 160 159-161 161.9 1.9
19 169 168-171 168.2 -0.8
20 177 176—-178 176.3 —-0.7
21 186 185—-187 186.1 0.1
22 194 193-195 * *
23 202 201-203 204.5 2.5
24 211 210-212 208.3 -2.7
25 219 218-220 222.1 3.1
26 228 227-229 * *
27 236 235-237 239.4 34
28 245 244-246 248.6 3.6
29 253 252-254 * *
30 262 261-263 266.1 4.1
31 271 270-272 276.7 5.7
32 288 287-289 292.8 4.8
Average 2.1

“*” means unidentified time.

55.5%, 58.2%, and 51.1%, while those with electronic
detonators are 92.3%, 89.4%, 84.4%, 82.1%, and 85.5%.
Thus, electronic detonators detonating greatly decreases
the probability of initiation  and
sequentially reversed initiation, and the velocity peak of
blasting vibration is reduced by more than 30% under
almost the same maximum charge per delay.

simultaneous

4.4 Blasting optimization to reduce large block ratio
The large block ratio has been reduced from more
than 8% to about 6% by blasting optimization of
delay time and detonating detonators. However, rock
fragmentation is influenced by numerous factors, such as

100
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Fig. 11 Comparison of identification rates under different

parameters

specific charge, charge structure, burden, and spacing
[31]. Therefore, further optimization is needed to reduce
costs of secondary breaking, shoveling and loading.
Through the field investigation, it is found that large
blocks are mainly concentrated in the first row of holes.
There are fractures caused by previous blasting on the
slope and the front bench close to the first row of holes.
During blasting, explosive stress wave and explosive gas
act directly on the fractures and the large blocks are
pushed out before fully broken. Furthermore, because of
unavoidable construction factors, such as hole deviation,
over and under excavation, the burdens of the first row of
holes are usually uneven.

To effectively reduce the large block ratio, two
aspects of the original blasting scheme are optimized.
Firstly, slag-remaining blasting is used to increase the
acting time of explosive stress wave and explosive gas.
After each blasting, the blocks are not completely
shoveled with 7 m in thickness of slag remaining
(Fig. 12). Secondly, the burden of the first row of holes
is reduced from 5 m to 4 m, while other rows remain 5 m.
Photos before and after optimization are shown in
Fig. 13. The statistical data shows that the large block

First row  Second row

Fig. 12 Blasting optimization scheme to reduce large block
ratio
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Fig. 13 Comparative photos rock fragmentation: (a) Before
optimization; (b) After optimization

ratio is successfully reduced to no more than 3%, and
responsively, the average shoveling efficiency increases
from 320 t/h to 490 t/h. The results illustrate that
reducing the large block ratio by slag-remaining blasting
and burden optimization of the first row in Zijinshan
Gold-copper Mine is effective.

5 Conclusions

1) The capabilities of empirical mode
decomposition (EMD) method and instantaneous energy
method based on Hilbert—Huang transform (HHT) in
identifying the initiation times during short millisecond
blasting were comparatively studied through a case study
of surge shaft blasting project. It is found that the
recognition accuracy of EMD method of short
millisecond blasting is close to long millisecond blasting.
While the recognition accuracy of instantaneous energy
method of short millisecond blasting is much lower than
long millisecond blasting. To get a high recognition
accuracy by instantaneous energy method, the delay time
of adjacent segments should be longer than half of the
energy peak period.

2) The EMD method is used to identify the delay
time of millisecond blasting in Zijinshan Gold-copper
Mine. The identification results show that the initiation
errors accumulated gradually lead to increasing of
blasting vibration velocity. By optimizing the design of
delay time and detonating detonators, the velocity peak
of blasting vibration is reduced by more than 30% under

almost the same maximum charge per delay. Moreover,
slag-remaining blasting and burden optimization of the
first row are effective ways to reduce the large block
ratio.

3) HHT is of great significance to analyze the
characteristics of blasting vibration signals. The
identification technologies based on HHT are helpful to
optimize the blasting parameters and improve the
blasting process. In addition, studies in these regards are
ongoing, and further researches may lead to higher
recognition accuracy.
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