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Ground vibration generated from blasting activities is a major problem in mine open-pit
slopes and nearby properties, and it can endanger the inhabitants in the surrounding envi-
ronment. To understand better the influence of blasting activities in the open-pit mine, it is
important to determine the propagation and attenuation of the blast-induced vibration in
open-pit slope. This paper presents a predictive model based on the Sadovsky equation for
determining blast-induced ground vibration in the Jinduicheng open-pit mine, Shaanxi
province, China. The field observation focused on providing measurements and data col-
lected for the wave propagation with the influence of blasting activities. Empirical models
were also used for predicting blast-induced ground vibration for comparison with the Sa-
dovsky model. Blast design parameters such as maximum charge per delay and distance were
considered as input parameters for prediction of blast-induced vibration. Site constants for
different empirical equations were taken into consideration when determining the peak
particle velocities in the Jinduicheng north slope. The performance indices of R* (correlation
coefficient), MSE (mean square error), RMSE (root mean square error), MAPE (mean
absolute percentage error) and MEDAE (median absolute error) were calculated for the
empirical models and the Sadovsky model. The results showed that the Sadovsky model is a
more satisfactory model for predicting blast-induced vibration as compared to empirical
models.

KEY WORDS: Peak particle velocity, Empirical models, Sadovsky model, Ground vibration, Blasting
parameters.

nuclear power station require a usage of explosives
during the developmental stage. Chinese blasting

The economic growth of the People’s Republic
of China has led to a continuous demand for
development of transport system, infrastructure,
power generation (such as hydropower and nuclear
power stations), mining and other related industries.
Industries such as mining, hydropower station and
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operations utilize approximately 300,000 tons of
explosives and 2.5 billion detonators per year (Lu
et al. 2012; Zhou et al. 2019). The mining industry
utilizes explosives as a mode of rock breakage and
rock fragmentation; the Jinduicheng molybdenum
(Mo) open-pit mine is being excavated using drilling
and blasting procedures. However, despite the pos-
itive aspects of blasting, some negative elements also
exist such as flyrock, air blast, noise, dust, and blast-
induced earthquakes.

Several scholars have studied the impact related
to ground vibration, flyrock and air blast, which are
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mostly induced by blasting (Armaghani et al. 2014).
The first ground vibration predictor was introduced
by the United States Bureau of Mines (USBM);
then, several ground vibration predictors were pro-
posed and put into use (Duvall and Petkof 1959;
Langefors and Kihlstrom 1963; Davies et al. 1964;
Ambraseys and Hendron 1968; Bureau of Indian
Standards 1973; Ghosh and Daemen 1983; Roy
1993). Programs such as artificial neural network
(ANN), adaptive neuro-fuzzy inference system
(ANFIS), multivariate regression analysis (MVRA),
gene expression programming (GEP) and other
regression analysis are being utilized for the pre-
diction for blast-induced ground vibration
(Faradonbeh et al. 2016). ANN can calculate the
peak particle velocity (PPV) with higher-level pre-
cision than empirical models, and ANFIS presents
better result than artificial neural network and
empirical models (Zhou et al. 2016; Armaghani et al.
2016). GEP was introduced to determine the peak
particle velocity using input and output parameters
such as maximum explosive charge, distance be-
tween the blasting point and explosive source. GEP
have lead to number of blast design parameters
being explored during peak particle velocity pre-
diction. Most techniques are dependent on the da-
taset; the output and input parameters from the blast
design parameters and geological conditions of the
given area are essential (Zhou et al. 2019). The
majority of these empirical equations consider the
maximum explosive charge per delay and the dis-
tance between the blasting source point and moni-
toring point as influential parameters for PPV
prediction (Hajihassani et al. 2015). Blast design
parameters, such as blasthole depth, explosive
charge, stemming and bench geometry, play a criti-
cal role in the occurrence of blast-induced ground
vibration in open-pit mine. It is, therefore, important
to optimize the blast design parameters in order to
reduce ground vibration with respect to the geo-
logical condition of a given mine area.

The relationship between blasting activities and
mine slope requires a clear understanding of the
geological and hydrogeological condition of the
excavation, mine operation scale and mine produc-
tivity (Kesimal et al. 2008). Furthermore, the trans-
mission of ground vibration depends on the type of
rock, its density, rock layers, condition of the terrain,
blasthole condition and presence or absence of wa-
ter (Iphar et al. 2008). In addition, wave propagation
during blasting process is influenced by the discon-
tinuities and rock bridges in the rock mass (Mor-
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tazavi and Sharafisafa 2012). The Jinduicheng north
slope is highly fractured, which makes it vulnerable
to landslides, earthquakes and blast-induced vibra-
tion.

The intensity of blast-induced vibration is de-
fined by factors such as amplitude, PPV, frequency,
acceleration, material properties of rock or soil and
attenuation characteristics of the field (Ekanayake
et al. 2014; Armaghani et al. 2015). PPV is consid-
ered to be the principal factor during ground
vibration measurement, and it has been widely ap-
plied by various scholars (e.g., Hasanipanah et al.
2017). In addition, PPVs are recorded in three
directional ways such as radial, tangential and ver-
tical components per explosive charge weight and
distance. The type of blast vibration monitor helps
determine the blast wave characteristics and struc-
tural damage. Blast monitoring depends on the type
of instrument being used and the locations of mon-
itoring points for blast-induced vibration. Slope
monitoring is necessary, and it is important that
slope movements remain within acceptable limit
(Bye and Bell 2001).

This paper seeks to understand the propagation
characteristics of the blast-induced ground vibration
in the case study. Field observation and effective
measurements of blast-induced ground vibration
were conducted in the study area, and the blast design
parameters for the Jinduicheng north slope were
clearly stated. The paper aims to establish a soft
computing technique using Sadovsky model from
blast-induced ground vibration data obtained from
the mine site. With the availability of the field
investigation data, the datasets of input and output
parameters obtained from the Jinduicheng north
slope were employed for prediction of PPV using
Sadovsky modeling and empirical techniques. The
results of the PPV prediction using the Sadovsky
model and empirical models were interpreted and
compared. Finally, mitigation and controlling mea-
sures were developed to reduce blast-induced ground
vibration occurring in Jinduicheng open-pit mine.

The Jinduicheng molybdenum (Mo) open-pit
mine, founded in 1958, is located in Huaxian
County, Shaanxi Province, People’s Republic of
China (Fig. 1). It is one of the largest producers of
Mo in Asia; its life span is expected to be more than
100 years. The mine’s operation involves drilling,
blasting, haulage and loading. Because blast-induced
vibration can destroy buildings, equipment and
other infrastructures around the mine, protecting of
inhabitants and communities around the mine from
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the blast impact is important. The north slope of the
mine (Fig. 2) was chosen as the site for study.

GEOLOGICAL SETTING

The Huaxian County, in the Jinduicheng mine
area, consists of four different Mo deposits, namely
Balipo, Huanglongpu, Shijiawan and Jinduicheng.
These deposits are hosted in the Xiong’er Group and
the Guandaogou Group. The Xiong’er Group com-
prises Neoproterozoic sandstone, mudstone and
slate, while the Guandaogou Group is made up of
Mesoproterozoic andesite (Table 1).
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Figure 1. Locality map of the Jinduicheng Mo open-pit mine,
Shaanxi Province, China (Google earth map).

833

The Jinduicheng deposits can be described as a
classical porphyry style of structurally controlled or
oriented veins of Mo mineralization. The Jin-
duicheng Mo deposits are dominated by disconti-
nuities (fault, joints and tension cracks), which
extend from east to west. The Neoproterozoic
quartz sandstone of the Guandaogou group can be
found along the Ludongou fault at the southern
boundary of the Yanmen fault, whereas the Xiong’er
andesite rock can be found at the northern boundary
of the Yanmen fault. Moreover, the Jinduicheng and
Huanglongpu anticlines are derived from a fault
cluster running from north to west, which is mainly
characterized by two tectonic activity phases. The
north slope is characterized by one dominant joint
set with dip directions between 320° and 360° and
dip angles ranging from 60° to 80°. Between 2001
and 2003, the north slope experienced a large gully
deformation; the crack was identified in 1230 level
stope with a length of approximately 100 m. Several
discontinuities and faults zone existing on the north
slope require special attention (Fig. 2).

METHODOLOGY
Establishment of the Sadovsky Modeling

The main objective of this research was to de-
velop a predictive model for PPV using Sadovsky

Figure 2. Jinduicheng north slope composed of multiple discontinuities and fault zones.
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Table 1. Mechanical properties of the dominant rock mass at the Jinduicheng open-pit mine

Rock type Density (kg/m®) Cohesion (MPa) Internal friction angle (°)
Biotite andesite 27.5 0.253 382

Chlorite andesite 274 0.211 373

Granite porphyry 272 0.174 27.12

Tectonic breccia 27.1 0.234 36.3

Tectonic cataclastic 28.4 0.213 38.0

Biotite andesite 29.1 0.459 40.1

Granite porphyry 27.5 0.322 382

Sliding soil zone 21.9 0.017 34.1

model and empirical models. Empirical models such
as the USBM by Duvall-Petkof, the Langefors—
Kihlstrom, a general predictor, the Ambraseys—
Hendron, the Bureau of Indian Standard (BIS) and
the Central Mining Research Institute (CRMI)
models were selected for prediction of PPV. These
empirical models were compared with the Sadovsky
model. In most research conducted on blast-induced
ground vibration, PPV considers the relationship
between maximum explosive charge per delay and
distance between explosive source and monitoring
point. Sadovsky modeling was considered as the
main criterion for blast-induced vibration, and it was
utilized to examine wave propagation and attenua-
tion of the PPV. The Sadovsky model for PPV can

be defined as:
v=k (\3/@) (1)

R

where v is PPV (mm/s), Q is explosive charge mass
(kg) per delay, R is distance between the explosive
source and the monitoring points, k represents the
constant parameters in the site related to rock mass
characteristics and geological conditions from the
blasting point to the monitoring station, and ¢ indi-
cates the blast design parameters such as spacing,
charge weight, explosion source, burden design and
stemming length (Ainalis et al. 2016). The PPV
varies from one area to another with respect to the
lithological, geological and structural conditions of a
given area. Blast-induced vibration must continu-
ously be monitored around the testing site.

Blasting Practices at the Jinduicheng Open-Pit Mine
Blast design parameters such as bench height,

blasthole diameter, blasthole depth, spacing, burden
and explosive charge must be taken into account dur-

ing mine excavation. The generation of ground vibra-
tion, flyrock, air blast and rock fragmentation depends
on the charge weight per delay (Kesimal et al. 2008). In
this study, the maximum explosive charge per delay
time and the distance from the blast face were con-
sidered as input parameters, and so both controllable
and uncontrollable blast design parameters were
incorporated to predict PPV. The bench was blasted
with a 400 ms in-hole delay time, and 65 ms was used
for initiating the blast. The benches were blasted for
25 ms in the rows or the free face, 42 ms was used in
between the rows, and 65 ms for the last rows. The
outline of the input data used for modeling analysis in
the case study is presented in Table 2.

Blasting Vibration Monitoring

Blast-induced vibration in the Jinduicheng north
slope was monitored using EXP3850, which has the
advantage of multi-acquisition, storage and analysis.
The instrument was connected to a set of speed sen-
sors and acceleration meter. The instrument and
sensors were placed at different elevation points to
obtain and record blast-induced vibration events at
different times. Furthermore, the Jinduicheng north
slope is composed of multiple discontinuities; thus,
arranging the monitoring points on both sides of the
fault or fracture zones is necessary.

Empirical Methods

Over the years, researchers have developed and
established empirical equations for predicting PPV
(Table 3). According to Vasovi¢ et al. (2014), most
empirical equations were elaborated on the
assumption that the amount of energy of the ground
motion created by a blast differs directly propor-
tional to the weight of the explosive detonated and
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Table 2. Blast design parameters used at the Jinduicheng Mo open-pit mine

Name (unit)

Burden (m)

Spacing (m)

Blasthole depth (m)

Bench height (m)

Sub-drilling (m)

Hole diameter (mm)

Initiation system

Type of explosive (explosive quantity per hole) (kg)

Values
6.5-7.5
8.5-9.5
11.5-13.5
12
1.5
250

Non-electric delay detonator
Emulsion (2000-2050 kg)

Stemming (m) 3
Detonation sequence Hole by hole detonation
Initiation pattern Staggered
Hole inclination Vertical
Timing sequence (ms) 400/65/25
Table 3. Empirical equations used for predicting PPV
Empirical Predictors Equations Year
P
USBM model by Duvall-Petkof v=k R /omm] 1959
I
Langefors—Kihlstrom v=k [\ / QmaX/Rz/z] 1963
General predictor v=kR B (Omax)" 1964
-8
Ambraseys—Hendron v=k {R/ m] 1968
B
Bureau of Indian Standard (BIS) v=k <%> 1973
22
-1
Central Mining Research Institute (CRMI) v=n+k [R/Qmax] 1993

inversely proportional the squared distance from the
blasting point. The existing empirical equations were
used here to determine blast-induced vibration
against the proposed model for assessing ground
vibration. The calculated site constant values for
each empirical equation measured using multiple
regression analysis are given in Table 4. Site con-
stants are represented by k, f, « and n, which are
useful for vibration monitoring.

The Sadovsky model (Eq. (1)) was used to
determine the wave propagation law of the open-pit
mine slope. PPV was calculated in vertical, radial and
tangential direction. £k and Q were calculated from
the monitoring data captured from the Jinduicheng
Mo open-pit mine. To derive a competent relation-
ship among PPVs, maximum charge per delay and
scaled distance in the mine slope, a regression anal-
ysis for the propagation rule was implemented. PPV
predictive modeling in the Jinduicheng north slope
was implemented in three directions with varying site
constants as shown in Table 5.

The values of k and « in the Jinduicheng north
slope are dependent on blasting mode, weathering
condition, fault zones, multiple cracks and testing site
condition. For the Jinduicheng north slope, k value
ranges from 133.765 to 235.174, and « values are be-
tween 1.679 and 1.963. Because this slope is composed
of large faults and multiple fissures, these cause the
velocity of particles from the blasting to be greater,
which affect the height of amplification. The vertical
direction correlation coefficient is higher than the
longitudinal and transverse directions with the cor-
relation coefficients ranging from 0.933 to 0.963.

PERFORMANCE OF THE SADOVSKY
MODEL AND EMPIRICAL MODELS

The capabilities of the different empirical
models were assessed against the Sadovsky model.
The statistical assessments were based on R* (cor-
relation coefficient), root mean square error
(RMSE), mean absolute percentage error (MAPE)
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Table 4. Site constants established using empirical models in the Jinduicheng north slope

Empirical equations k p o n

USBM model by Duvall-Petkof 133.765 1.261

Langefors—Kihlstrom 64.65 1.478

General predictor 215.27 1.09 0.402

Ambraseys—-Hendron 311.221 — 1.0215

Bureau of Indian Standard (BIS) 4.1 0.456

CRMI (Central Mining Research Institute) 136.92 —1.553 — 0451

Table 5. Site constants generated by the Sadovsky equation for the Jinduicheng north slope

Slope Direction Equations Correlation coefficients
North slope Vertical 35\ 1903 0.963
v =235174 <@>
= 1.847
Longitudinal v =201.947 TQ> 0.955
1679
Transverse v = 133.765 \VTE> 0.933
=\ 167
Radial a =15341.32 (TQ> 0.979

Table 6. Performance indices for assessment of PPV prediction

Statistical parameters Equations
R R = Do i —mean) |- [D o0 (i =]
(227 = neun)’]
RMSE RMSE =, [1 x ”1 i —xiﬂ
i=
MAPE MAPE :% X {il }lx;,“ ] x 100
MEDAE MEDAE = me(;ian(yi —X;)

and median absolute error (MEDAE). These were
implemented based on the following equations given
in Table 6, where y;, x; and Xxc., are measured,
predicted and mean values of the prediction models,
respectively; and n represents the total number of
the datasets.

RESULTS AND DISCUSSION

This research was carried out to evaluate blast-
induced ground vibration in the Jinduicheng north
slope. PPV was recorded in the vertical, longitudinal
and transverse directions from the monitoring points
during blasting activities. The PPVs in the longitudinal
direction tend to be generally larger than in the vertical
and transverse directions. The PPV in the longitudinal
direction reduces when the distance of the explosive
source increases. In the Jinduicheng north slope, the

maximum charge per delay and distance from the blast
face were considered as input parameters and PPV as
output parameter. To validate the use of the Sadovsky
model for predicting PPV, the results of blast-induced
vibrations were characterized mainly by four parame-
ters, namely amplitude (A), frequency (F) and accel-
eration (a) as presented in Table 7.

Frequency was utilized to assess the damage
caused by blast-induced ground vibration to the mine
slope or other structures within the mine area. Fre-
quency characteristics during blast-induced ground
vibration are dependent on factors such as blasting
method, explosive charge, topography and geological
condition of a given area. The frequency of blast
vibration in the Jinduicheng north slope ranged be-
tween 5 and 35 Hz, and the average frequency was
23.44 Hz. The Jinduicheng north slope has a lower
frequency as compared to the other slopes in the mine
area, which is due to weathering that is deemed to pose
potential risks to the slope and infrastructure in the
mine area. Lower frequency vibrations have greater
potential of causing damage than high-frequency
vibrations (Siskind et al. 1987; Zeng et al. 2018).

EVALUATION AND COMPARISON
OF THE MODELS PERFORMANCES

The R? for the empirical models in the Jin-
duicheng north slope ranges between 0.808 and
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Figure 3. Measured PPVs vs. predicted PPVs at Jinduicheng north slope by empirical models: (i) Ambraseys—Hendron; (ii) BIS; (iii)
CRMLI, (iv) general predictor; (v) Langefors—Kihlstrom; and (vi) USBM.
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Table 8. Statistical performance indices for models

Model Statistical performance criteria

R? RMSE Adjusted R MSE MAPE
Langefors—Kihlstrom 0.939 6.681 0.931 44.63 24.77
United States Bureau of Mines (USBM) by Duvall-Petkof 0.950 2.884 0.944 8.31 422
Bureau of Indian standards (BIS) 0.808 1.315 0.784 1.73 10.98
General predictor 0.958 1.471 0.953 2.16 1.96
Ambraseys-Hendron 0.927 2.470 0.917 6.13 2.90
Central Mining Research Institute (CRMI) 0.933 3.799 0.924 14.43 10.96

140
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‘ (1 47.
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€27
o
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Figure 4. Comparison of predicted and measured PPV using
empirical methods.

0.958 (Table 8, Fig. 3). Furthermore, the RMSE
values for the PPVs predicted by the empirical
models vary between 1.315 and 6.681, and the
MAPE values range from 2.90 to 24.77 (Table 8).
Comparisons of the empirical models with respect to
the measured and predicted PPVs are illustrated in
Figure 4.

The Sadovsky model was developed to predict
the PPV generated from the blasting operation. For
comparison with the empirical models, the Sadovsky
model was developed using input parameters such as
maximum charge per delay and distance, while the
output was set as PPV values. The Sadovsky model
is capable of predicting the measured datasets quite
accurately (Fig. 5). The R* (correlation coefficient)
ranges from 0.968 to 0.998. Furthermore, the RMSE
values for the Sadovsky model are between 0.026
and 0.057 and the MAPE values ranged from 8.70 to
9.165. In several instances, the required values of
RMSE and R? are within the range of 0 and 1 (Ta-

heri et al. 2017). The results indicate that the Sa-
dovsky model yielded better prediction performance
for determining PPV as compared to the empirical
models.

The control of blast-induced ground vibration
depends on the maximum charge per delay and
distance from the blast area to the sensitive receiver.
The type of explosive charge (2000 kg) and the
blasthole diameter (200-300 mm) are some of the
blast design parameters that can be optimized to
reduce possible hazards associated with blast-in-
duced ground vibration, and the delay time that is
suitable for the reduction of blast-induced ground
vibration is 15 m/s. Furthermore, the design of the
Initiation sequence must also ensure sufficient delay
time between blastholes to minimize blast-induced
ground vibration. Millisecond blasting is widely uti-
lized in the mining industries to alleviate blast-in-
duced ground vibration. Additional field
observations, laboratory experiments and numerical
simulations are required to understand better the
potential implication of PPV in the mine area.

CONCLUSIONS

In this study, the Jinduicheng north slope was
considered for the investigation of the PPV using the
Sadovsky model and empirical models. Jinduicheng
north slope consists of highly jointed rock mass,
which is vulnerable to blast-induced ground vibra-
tion. The Sadovsky model was used to determine
wave propagation characteristics in the vertical,
tangential and radial directions. The Sadovsky
model produces results that are more accurate than
the empirical models. The Sadovsky equation
proved to be efficient for helping to solve the blast-
induced vibration problem in the mine area. Fur-
thermore, blast design parameters such as maximum
charge per delay, spacing, burden, number of holes
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longitudinal direction using Sadovsky equation
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Figure 5. PPV prediction results generated for the different monitoring points using the Sadovsky equation.

per delay and delay time per rows were observed as
critical influencers of blast-induced vibration. The
acquired data from the measured PPVs and the
predicted PPVs by the empirical models and Sa-
dovsky model can be used to reduce and control
environmental impact associated with blasting
activities in the open-pit mine. Continuous assess-
ment and monitoring of ground blast-induced
ground vibration in the open-pit mine will be nec-
essary. Finally, the Sadovsky model was deemed
useful for predicting blast-induced ground vibration.
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