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Underground cavities formed by undergroundmining activities are a potential threat to open-pit mining activities. Longtan Village
Iron Mine is located in Chengde city, Hebei province, China. The open-pit mining and underground mining of Longtan Village
IronMine are simultaneously performed. Cavities will remain after undergroundmining. Whenmining is performed on the top of
the underground cavities in the open pit, concerns arise regarding the closest distance to prevent the collapse of the cavities. (The
closest distance is the safe distance between the explosive and the cavities. If the distance between the explosive and the cavities is
less than the closest distance, the stability of the cavities will be affected.) The collapse will endanger the safety of the workers and
equipment in the open pit.Therefore, it is necessary to estimate the stability of the underground cavities near the bench blasting. In
this paper, a series of bench blast tests was performed, and the site-specific attenuation relations of the PPV (Peak particle velocity)
and principal frequency of Longtan Village Iron Mine were obtained. Then, an ANASYS three-dimensional numerical model was
created, and the propagation of the blast wave and the response of the multicavities were calculated by LS-DYNA.The accuracy of
the simulation was verified. However, the bench blast tests do not affect the stability of the cavities. The formula to calculate the
closest distance was obtained, which can be used as an approximate guide when designing the bench explosion of Longtan Village
Iron Mine. Workers can mine in a safe area of the open pit, and the stability of the cavities will not be affected.

1. Introduction

Underground cavities formed by undergroundmining activi-
ties are a potential threat to open-pit mining activities. When
blasting operations are performed on the open-pit steps, the
instability of the underground cavities caused by the blasting
dynamic disturbances will endanger the safety of workers and
equipment in the open pit and will affect the open-pit mining
operations. Therefore, it is very important to predict the peak
particle velocity that induces instability in an underground
cavity.

Dynamic photoelastic experiments were used to simulate
the characteristics of a dynamic response of the surrounding
rock under tunnel blasting with a small distance by Liu Hui
[1], and the field monitoring and numerical simulation of the
excavation of Zhaobaoshan tunnel were performed.Then, the
blasting excavation methods and safe peak particle velocity

were obtained. The peak stress distribution and peak par-
ticle velocity distribution of existing tunnels were analysed.
Based on the field monitoring of the frequency, amplitude,
duration, etc., for deep-hole blasting, the change pattern of
the parameters in the propagation process of blast waves
in rock masses and the empirical formula of acceleration
amplitude were proposed by Long Yuan [2]. Zheng Yingren
and Wang Yongfu explored the stability and damage pattern
of joint tunnels using the method of indoor similarity model
test and numerical analysis, and they quantitatively analysed
the stability of joint rock tunnels with the finite element
strength reduction method [3]. Xia Xiang determined the
attenuation pattern of the peak particle velocity and the
principle frequency by field monitoring [4].

In fact, some empirical criteria used to assess the stability
of underground cavities are primarily based on the peak
particle velocity (PPV) of blast waves. For example, based on
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the field experiments, some experts proposed key PPV values
for four damage levels on a cavity rockwall: no damage, slight
damage, intermediate damage, and severe damage. When
intermediate damage occurs on the cavity rock wall, rock
falling will occur in the cavity, and there is a danger of
collapse. Under normal circumstances, when the PPV of hard
rock reaches 0.82-1.11 m/s and the PPV of soft rock reaches
0.9-1.07m/s, there is a risk of collapse in the cavity [5]. Large-
scale explosion tests were conducted by U.S. Army engineers
between 1948 and 1952. The results of the study showed that
the damaged areas of unlined tunnels near sandstone could be
divided into four types: intermittent damage, local damage,
general damage, and tight closure. The rock in tunnels did
not fail until the PPV exceeded 0.9 m/s, and intermittent
damage would occur in the tunnel when the PPV was larger
than 0.46m/s [6]. In Persson’s Swedish hard rockPPV damage
criteria, the damage was classified into five levels: initial
swelling, initial damage, fragmentation, good fragmentation,
and crushing.The threshold damage of the cavity wall occurs
if the PPV exceeds 1 m/s [7]. Similarly, after conducting a
series of tests on the top and bottom of coal mines, Jensen
et al. found that no significant damage was found on the
rock wall at a PPV of 0.445 m/s [8]. Langefors and Kihlstrom
studied the stability of granite under blasting vibration. They
proposed the PPV criteria for blasting vibrations in granite
tunnels: a PPV of 0.305 m/s results in fall of rock in unlined
tunnels; a PPV of 0.61 m/s results in new cracks in the rock
[9]. Tunstall found that there was no damage in the very-
good-quality rocks (RMR = 85) when the PPV was 0.175
m/s. However, poor-quality rocks (RMR = 49), which were
affected by the previous blasting vibrations, sustained minor
visible damage when the PPV reached 0.046 m/s and serious
injuries when the PPV reached 0.379 m/s [10]. Calder and
Bauer suggested the following relationships: for the PPV of
0.254 m/s, no fracturing of intact rock would occur; for the
PPV of 0.254-0.635m/s, minor tensile slabbing would occur;
for the PPV of 0.635-2.54m/s, strong tensile and some radical
cracking would occur; for the PPV above 2.54 m/s, complete
break-up of the rock mass would occur [11]. Sakurai and
Kitamura detected the blasting vibration of the roof and the
two gangs of the tunnel. They found that the rock wall would
be damaged when the PPV was 0.35 m/s, and the rock wall
would suffer initial damage when the PPV was 0.338 m/s
[12]. Dowding classified the tunnel damage into four levels:
loosening damage, intermittent damage, local damage, and
complete damage. When the PPV was 2 m/s, intermittent
damage would occur in the tunnel [13]. Oriard found that
the underground coalmine rockwall partially loosenedwhen
the PPV was 0.125-0.38 m/s [14]. The significant variations
of these reviewed criteria, which depend on specific site
conditions, differ from one another. They cannot be applied
as general standards.

Nonetheless, many empirical formulas of PPV can be
used to estimate the PPV for safety assessment of under-
ground cavities.MostPPV empirical formulas containQ1/3 /R
or Q1/2/R, where R is the distance from the blast hole to
the point of monitoring and Q is the equivalent TNT charge

weight.Q1/2/R is used for the PPV prediction of surface blast-
ing, and Q1/3/R is used for the PPV prediction of free-field
explosion. By using an appropriate attenuation relationship,
one can easily obtain the PPV that corresponds to a charge
weight at a given distance.However, the prediction of the PPV
is different for different geological media, and there are fewer
applications of the PPV empirical formula to underground
cavities. The geological medium in the underground cavity
is discontinuous, and the propagation characteristics of the
blast wave also differ from those in the continuous medium.
If the safety of the underground cavity must be estimated,
the PPV inside the cavity must be measured to establish the
PPV empirical formula that is applicable to the underground
cavity. However, it is very dangerous to measure the PPV
inside the underground cavity. In this paper, a combination
of field experiment and numerical simulation is proposed
to calculate the PPV to estimate the safety of underground
cavities.

In addition to the amplitude and geotechnical conditions
of the blast wave, the structural response also depends on the
vibration frequency of the blastwave.Theprinciple frequency
(PF) of blast waves is particularly important. At present, there
are not many empirical formulas for PF attenuation [15–17].
Some experts conducted numerical simulation studies and
obtained the PF attenuation law of blast waves propagated
in granite [18]. Based on a large number of observation
experiments, some empirical PF attenuation relations have
been proposed [19–24]. However, like the PPV, the field
dependency of thePF is also strong.ThePF empirical formula
must be obtained according to the actual situation of the
experimental site.

In this paper, the stability of multicavities below the open
pit under the influence of blasting vibration is analysed.
Some small-scale blasting vibration tests were performed
in the open pit. Field blasting test data were measured to
obtain the site-specific empirical formula of the PPV and
PF of blast waves. Then, an ANASYS numerical model was
established. Based on the PPV empirical formula and PF
empirical formula, blast waves at different locations were
applied to the model, and the blast wave propagation and
cavity response were calculated by LS-DYNA. The measured
data were used to verify the accuracy of the numerical sim-
ulations. Very good consistency between the measured and
numerically simulated data was obtained. Finally, according
to the numerically simulated data of the cavities, the stability
of the cavities under blasting vibration was analysed, and
the closest distances of the different charge weights were
obtained.

2. Site Description

The site under consideration, Longtan Village Iron Mine,
is situated near the town of Longtan, approximately 50 km
northwest of Chengde city in north China. Five levels are
mined in the mine: they are 950m, 940 m, 920m, 913 m, and
890m levels.Theminingmethodwas the open stopemethod.
The cavities have not been dealt with, and a small number
of cavities were found to fall. Thus, underground mining
is increasingly dangerous, and the mine has been turned
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Figure 1: Test site profile.

into open-pit mining. Many cavities below the open pit have
collapsed in different degrees because of the influence of the
ground pressure, rock weathering, and blasting vibration.
In the open-pit mining process, these cavities with complex
shapes and different heights seriously threaten the safety of
the people and equipment in the open pit. Therefore, the
stability of the cavities must be analysed before large-scale
mining in the open pit.

3. Experimental Design and Setup

Some small-scale blast tests were performed at locations with
more cavities. The relevant information is shown in Figure 1.
The step height is 7 m, the slope angle is approximately
40∘, and the overburden thickness of the cavity is 13.3 m. A
and B indicate the distance between the two blast vibration
monitors to the explosion zone. The relevant mechanical
parameters of the rock were measured before the blast tests
and are shown in Table 1.

4. Test Results

In total, four tests were conducted. The data are shown in
Table 2. Figure 2 shows the velocity time histories of test No.

2 with a charge weight of 400 kg recorded at 29 m from the
bench blast hole. Figure 3 shows the velocity time histories
of test No. 2 with a charge weight of 400 kg recorded at
37 m from the bench blast hole. When the distance is A,
the vibration velocity in the x direction dominates. However,
the proportion of vibration velocity in the three directions is
gradually uniform with the increase in distance.

The vibration frequency of the blast wave also plays a
crucial role in the dynamic response of the rock mass. With
the same charge weight, the frequency band of the blast wave
always narrows when the distance increases, and the value
decreases because high-frequency energy attenuates faster
than low-frequency energy. The principle frequency of the
blast wave must be analysed.

The fitting formula of the peak particle velocity and the
principle frequency in the three directions of x, y, and z are as
follows.

X direction:

𝑃𝑃𝑉 = 1.2543( 3√𝑄𝑅 )
1.2280𝑚/𝑠 (𝑟2 = 0.9759) (1)

𝑃𝐹 = 132.2209( 3√𝑄𝑅 )
1.2749𝐻𝑧 (𝑟2 = 0.9451) (2)
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Table 1: Rock mechanics parameters.

𝜌(kg/m3) E(GPa) 𝜇 Compressive strength(MPa) c (MPa) Φ (∘)
2700 40.31 0.22 129.45 2.29 36

Table 2: Summary of four bench blast tests.

Test number Actual charge mass (kg) Distance (m) Point number PPV (m/s) Resultant velocity (m/s) PF (Hz)
X Z Y X Z Y

1 380 37(A) 1 0.16 0.11 0.12 0.16 17 20 22
380 80(B) 2 0.06 0.03 0.03 0.05 5 4 7

2 400 29(A) 1 0.25 0.14 0.17 0.26 23 19 30
400 37(B) 2 0.17 0.11 0.11 0.17 17 17 24

3 420 38(A) 1 0.18 0.13 0.07 0.20 18 13 17
420 80(B) 2 0.07 0.04 0.04 0.06 7 6 8

4 460 45(A) 1 0.13 0.09 0.11 0.15 12 13 16
460 80(B) 2 0.08 0.05 0.05 0.08 8 6 9

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.0

0.2

Time (s)

x
z
y

Ve
lo

ci
ty

 (m
/s

)

Figure 2: Velocity time histories of test No. 3 recorded at 29 m from
the bench blasting hole.

Z direction:

𝑃𝑃𝑉 = 0.6875( 3√𝑄𝑅 )
1.2125𝑚/𝑠 (𝑟2 = 0.9431) (3)

𝑃𝐹 = 157.5071( 3√𝑄𝑅 )
1.4296𝐻𝑧 (𝑟2 = 0.9207) (4)

Y direction:

𝑃𝑃𝑉 = 0.8013( 3√𝑄𝑅 )
1.2786𝑚/𝑠 (𝑟2 = 0.8384) (5)

𝑃𝐹 = 171.3957( 3√𝑄𝑅 )
1.3006𝐻𝑧 (𝑟2 = 0.9600) (6)

R is the distance from the blast hole to the point ofmonitoring
(m). Q is the equivalent TNT charge weight (kg). PF is the
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Figure 3: Velocity time histories of test No. 3 recorded at 37 m from
the bench blasting hole.

principle frequency of the blast wave (Hz). PPV is the peak
particle velocity (m/s).

5. Numerical Model and Calibration

The cavities with poor stability are selected to establish
a three-dimensional model as shown in Figure 5. There
is no large-scale stratification in the study area after the
geological survey. The rock integrity is better than others.
Thus, it is assumed that the model material is continuous
and homogeneous in the simulation process. The specific
mechanical parameters of material are shown in Table 1. It
is difficult to establish a model that contains the entire site. A
1/2 three-dimensional model is established to overcome this
problem. The model is 258 m long in the x direction, 260 m
and 157 m high in the y direction, and 55 m wide in the z
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Figure 4: Loading area at the model boundary.

direction. The size of the model is determined by calculating
the time required for the blast wave propagation from the
cavity to the numerical boundary, which is longer than the
duration of the recorded velocity histories in Figure 2. To
ensure that the blast wave can effectively propagate to the
boundary of the cavity wall and there is enough time for
reflection, the simulation time is approximately twice as
long as the duration of the recorded velocity time history
in Figure 2. The model is surrounded by a transmission
boundary, and the top is a free surface. The bottom is a
transmission boundary. No blasting model is installed in the
model. Instead, the blast wave loading is used. First, the
blast wave loading surface is selected as shown in Figure 4.
This surface is also a boundary in the three-dimensional
model, as shown in Figure 5. Second, the blast waves that
must be loaded at different positions on the loading surface
are calculated according to the peak particle velocity and
principle frequency fitting formula. Finally, the blast wave at
different locations in the model can be obtained.

The surface that corresponds to distance A is selected as
the loading surface, as shown in Figure 4. The velocity time
histories in Figure 2 are selected as the basic data for the
calculation of the blast wave at other points on the loading
surface. For example, at point P in Figure 6, the distance from
the blast hole to point P is 103 m.The PPV at point P in three
directions can be obtained according to the fitting formula of
the PPV. Then, the ratio of the PPV in the three directions
of point P to the PPV in the three directions of point A can
be obtained. Finally, the velocity time histories in Figure 2 are
multiplied by this ratio to obtain the velocity time histories in
three directions of point P.Thus, the velocity time histories in
three directions at different positions on the loading surface
can be obtained. Similarly, the principle frequency in three
directions at different locations on the loading surface can
also be obtained.Thedifference is that the principle frequency
of point P is achieved by changing the time step of the velocity
time histories in Figure 2.

It is also necessary to calculate the arrival time of
blast waves at various points on the loading surface after
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Figure 5: Loading area at the model boundary.
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Figure 6: Illustration of the estimation of the velocity time history
at point P.

completing the above steps. The P-wave dominates the blast
wave in the site as observed. The P-wave velocity of the blast
wave is defined by [25]

𝐶 = √ 𝐸 (1 − 𝜇)
𝜌 (1 + 𝜇) (1 − 2𝜇) (7)

where E is the modulus of elasticity (Pa); 𝜇 is Poisson’s ratio;𝜌 is the density (kg/m3).
After completing the calculation of the blastwave velocity,

the initial arrival time of the blast wave loading at different
points on the loading surface can be calculated as follows

𝑡 = 𝐿 − 29𝐶 (8)

where L is the distance from different points on the loading
surface to the blast hole (m); t is the initial arrival time
(s); C is the blast wave velocity (m/s); 29 is distance A
(m). The 3D solid element is used in the model. Further-
more, the model is meshed with a mesh size of 2 m. The∗MAT PLASTIC KINEMATIC material model is chosen to
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Figure 7: Comparison of the x-velocity time histories from the
numerical simulation and field test.
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Figure 8: Comparison of the z-velocity time histories from the
numerical simulation and field test.

simulate the rock mass behaviour. Finally, the velocity time
histories at the point of distance B in the model are compared
with those in the field experiment. The results are shown in
Figures 7–9. Very good consistency between the measured
and numerically simulated data is obtained.

6. PPV Damage Criteria

As reviewed above, the PPV damage criteria are widely used.
However, these damage criteria vary from one another due to
the different material properties of the rock and conditions of
the test site [26–30]. The criteria developed by Li and Huang
in Table 3 were selected because they provided various PPV
values for different rock masses in terms of the rock mass
compressive and tensile strengths, which are more consistent
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Figure 9: Comparison of the y-velocity time histories from the
numerical simulation and field test.

Figure 10: : Location of the recording points.

with the actual situation. Without loss of generality, 0.96 m/s
is chosen as the PPV damage criterion according to the data
in Table 3 and the rock strength of the test site.

7. Numerical Simulation of the Cavity Stability

As shown in Figure 10, measurement points A, B, C, and D
are taken from the cavity walls, roof, and floor. The PPVs are
extracted as shown in Figures 11–13. Point A of each cavity has
the largest PPV, followed by point C because points A and C
face the blasting area, and the distance is short. In addition,
point A has a larger PPV than point C because of different
angles of the incident waves at the two points. The distances
between points B and D and the blast hole are long, and the
blast waves are blocked by the cavity, so the PPVs of points
B and D are small. The most dangerous point in the cavity is
point A.

The PPVs of point A of 5 cavities in three directions are
shown in Figure 14.The PPV does not exceed 0.96m/s, so the
stability of the cavities will not be affected. In addition, the
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Table 3: Critical vibration velocity of the wall rock of the grotto[5].

Compressive strength (MPa) Tensile strength
(MPa)

No damage
(m/s)

Slight damage
(m/s)

Intermediate
damage (m/s)

Serious damage
(m/s)

Hard rock 75–110 2.1–3.4 0.27 0.54 0.82 1.53
110–180 3.4–5.1 0.31 0.62 0.96 1.78
180–200 5.1–5.7 0.36 0.72 1.11 2.09

Soft rock 40–100 1.1–3.1 0.29 0.58 0.90 1.67
100–160 3.4–4.5 0.35 0.70 1.07 1.99
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Figure 11: Peak particle velocity of the recording points in the x
direction.

PPV in the x direction is the largest and significantly larger
than those in the other two directions.

Another measurement point (point E) in Figure 15 was
extracted.The distances from the blast hole to points A and E
are identical. The PPVs of points A and E of the five cavities
in the x direction are shown in Figure 16. The PPV of point
A is larger than the PPV of point E because of the reflection
of the blast wave on the surface of the cavity wall. Therefore,
the fitting formula must be established according to the PPV
on the cavity wall. The simulation data of point A in the x
direction are shown in Table 4.

The following fitting formula is established based on the
PPV of point A of the five cavities in the x direction.

𝑃𝑃𝑉 = 1.4129( 3√𝑄𝑅 )
1.0694𝑚/𝑠 (𝑟2 = 0.9526) (9)

The PPV damage criterion is 0.96 m/s. Combined with
formula (9), the closest distance formula applicable to the
cavities can be obtained as formula (10). The closest distance
that corresponds to a charge weight can be easily obtained
according to formula (10). The closest distance is the safe
distance between the explosive and the cavities. If the distance
between the explosive and the cavities is less than the
closest distance, the stability of the cavities will be affected.
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Figure 12: Peak particle velocity of the recording points in the z
direction.

Table 5 gives some estimated closest distances at different
charge weights. Table 5 and formula (10) can be used as an
approximate guide when designing the bench explosion of
Longtan Village Iron Mine.

𝑅∗ = 3√𝑄
(0.96/1.4129)1/1.0694𝑚 (10)

𝑅∗ is the closest distance in different charge masses (m). Q is
the equivalent TNT charge weight (kg).

The closest distance is the safe distance between the
explosive and the cavities. If the distance between the explo-
sive and the cavities is less than the closest distance, the
stability of the cavities will be affected.

8. Discussion

It is very dangerous to perform experiments above or inside
cavities, so we cannot experimentally obtain formula (9).
The experiment can be conducted outside the cavities to
obtain formulas (1)-(6). Then, numerical simulation can be
conducted. The simulation results outside the cavities are
consistent with the experimental results.When the blast wave
passes to the cavities, the simulation results in the cavities
should also be consistent with the actual situation in the
cavities. The loaded blast wave is accurate outside the cavities.



8 Mathematical Problems in Engineering

Table 4: Simulation data of point A in the X direction.

Cavity number Actual charge mass(kg) Distance (m) PPV of X direction (m/s)
1 400 48 0.19
2 400 51 0.18
3 400 65 0.13
4 400 68 0.14
5 400 73 0.12
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Figure 13: Peak particle velocity of the recording points in the y
direction.

Table 5: Closest distance of different charge weights.

Charge mass (kg) Closest distance (m)
380 10.40
760 13.10
1140 14.99
1520 16.50
1900 17.78
2280 18.89

Thus, the PPV inside the cavities should also be accurate.
The site-specific attenuation relations of the PPV inside the
cavities can be obtained.The stability of underground cavities
can be analysed. Formula (1) is different from formula (9).
Because the reflection of the blast wave occurs when it
is passed to the cavities, as shown in Figure 15, the PPV
attenuation relations of point E are identical to those in
formula (1) when there is no blast wave reflection.

Although some research results have been obtained in
this paper, more accurate simulation results are required.
There are many methods to predict the blasting vibration.
M. Hasanipanah proposed an imperialistic competitive-
algorithm-based fuzzy system to predict mine blasting [31].
Nazanin Fouladgar andMahdi Hasanipanah used the cuckoo
search algorithm to estimate the peak particle velocity in
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Figure 14: Peak particle velocity of point A of different cavities.

Figure 15: Location of the recording points.

mine blasting [32]. Maryam Amiri, Hassan Bakhshandeh
Amnieh, and Mahdi Hasanipanah combined artificial neural
network and K-nearest neighbour models to predict the
blast-induced ground vibration and air-overpressure [33].
Masoud Monjezi and Mahdi Hasanipanah evaluated the
blast-induced ground vibration at Shur River Dam, Iran,
using an artificial neural network [34]. Khalil Taheri and
Mahdi Hasanipanah proposed a hybrid artificial bee colony
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Figure 16: Peak particle velocity of points A and E of different
cavities in the x direction.

algorithm-artificial neural network to forecast the blast-
produced ground vibration [35, 36]. These methods are very
accurate and suitable for predicting the blasting vibration,
which we may combine with simulation to obtain more
accurate PPV values in the future.

9. Conclusions

A series of bench blast tests was carried out, and the
site-specific attenuation relations of the PPV and principal
frequency of Longtan Village iron ore were obtained. A three-
dimensional numerical model was created. The measured
data were used to verify the accuracy of the numerical
simulations. Very good consistency between the measured
and numerically simulated data was obtained, and the bench
blast tests did not affect the stability of the cavities. The
formula to calculate the closest distance that would not cause
damage to the existing cavities was obtained. The closest
distances of the chargeweights of 380 kg, 760 kg, 1140 kg, 1520
kg, 1900 kg, and 2280 kg are 10.40 m, 13.10 m, 14.99 m, 16.50
m, 17.78 m, and 18.89 m, respectively. The formula can also
be used to calculate the closet distance in the case of other
charge weights. Those can be used as an approximate guide
when designing the bench explosion of Longtan Village Iron
Mine.

Although some research results have been obtained,
more accurate simulation results are required, which may
be obtained in combination with various methods. The
geological conditions studied in this paper are relatively
simple and require further research in the future.
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