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Explosives are the most common seismic source in seismic explorations, whose excitation effect is closely associated with their
properties, weight, buried depth, and charging constitution. ,is study analyzes the influence of seismic source parameters on the
features of the explosion wavelet. ,e explosion process of the seismic source in marine carbonate is numerically simulated with
the finite element software LS-DYNA. We consider three parameters, including buried depth, charge weight, and decoupling
coefficient. To verify the simulation outcomes, we also carry out field observations. ,e appropriate buried depth of the explosive
should be determined according to stratum lithology. As the charge weight increases, low-frequency energy of the source wavelet
increases rapidly. ,e optimum charge weight is 16–18 kg, and the ideal charging structure is in a concentrated, short-column
shape. Compared with the buried depth and charge weight, the decoupling coefficient shows more noticeable influence on the
excitation effect of the source wavelet, and the optimum coefficient lies between 2.5 and 3. ,e results of this study may provide
reference data for designing explosion parameters in field seismic explorations.

1. Introduction

Seismic exploration has been the most important means for
gas and oil exploration since 1920s. As a routine in onshore
gas and oil seismic explorations, explosive seismic source
serves as the first subsystem of the seismic source system.
,e selection of explosion parameters, such as detonation
velocity, charge weight, coupling properties, and geometry
coupling state, is important to recorded signal features, such
as the waveform, amplitude, and frequency [1–4]. Selecting
optimal excitation factors is a matter of excitability of high-
frequency signals in the field of seismic exploration system
engineering, and it is the basis for acquiring high-resolution
data with a high signal-to-noise ratio [5, 6].

Source wavelet is the main form of seismic records, and,
therefore, its calculation and analysis can be helpful for

understanding the generation and propagation of seismic
waves [7]. In a homogeneous rock stratum, the wavelet is
influenced by the structure and physiomechanical charac-
teristics of the rock; it is also affected by the excitation factors
of the seismic source, such as the nature and charge weight of
the explosives, the depth of the excitation well, and charging
constitution [8–12]. To date, theoretical calculation methods
for the relation between explosion parameters and the
seismic source wavelet are limited in number [13, 14], and
studies in this respect have long been heavily relying on field
experiments [8, 12, 15–17]. However, field experiments cost
high. In addition, in field experiments, the collected data are
limited to the vibration signals of surface particles, which fail
to completely describe the seismic wave field in the medium
excited by explosion. Under such a condition, assistive
techniques are always necessary.
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With the rapid development of explosion theories and
computer science, numerical simulation has become an
effective method for studying explosion waves and exploring
the propagation laws of the waves. Artero-Guerrero et al.
[18] constructed a numerical calculation model with LS-
DYNA (explicit, 3-dimensional, dynamic, and nonlinear
finite element analysis software [19, 20]) to analyze the
influence of the mass and shape of explosives on the dy-
namics of the explosion wave. In their study, the charge
weight was 10–20 g and five height-to-diameter ratios were
designed. ,ey found that given a certain mass of the ex-
plosive, the changes in the shape, pressure, and velocity of
the explosion wave are all driven by the area perpendicular
to the propagation of the explosive wave [18]. Wang et al.
[21] performed separate numerical simulations with LS-
DYNA for the explosion processes of different explosives
with different charge weights in limestone, sandstone, clays,
and loess to investigate the relation between explosion pa-
rameters and the seismic source wavelet. ,ey found that
wavelets in rock and soil produced by explosions can be
calculated based on the combination of numerical simula-
tion, plastic-elastic boundary pressure curve fitting, and
application of the spherical source model; in limestone and
sandstone, a seismic source with a high detonation velocity
explosive, a large charge weight, and water coupling is
recommended, whereas in loess, a low detonation velocity
explosive and a small charge weight is more suitable. ,ese
studies both lead to conclusions of practical significance.
However, seismic source wavelet can be influenced by a
variety of excitation factors in actual engineering practice,
among which decoupling coefficient cannot be ignored.
According to the formula of particle displacement in ho-
mogeneous elastic medium proposed by Sharpe [22],
decoupling charging can change the cavity radius formed by
the explosion as well as the pressure upon the inner wall of
the cavity, which in turn influences the excitation effect on
the source wavelet. Nevertheless, studies in this respect are
rare.

Based on the aforementioned information, this study
simulates the explosion process of the explosive seismic
source in rock with LS-DYNA to investigate the influence of
explosive buried depth, charge weight, and decoupling co-
efficient on the features of the seismic source wavelet. Based
on comparative analysis, decoupling coefficient shows more
noticeable influence on the seismic source wavelet than
explosive buried depth and charge weight.

2. Methodology

2.1. Research Plan. ,e research plan of this study is illus-
trated in Figure 1.

2.2. Design of the Simulation Protocols. We use the buried
depth, weight, and decoupling coefficient of the charge as
variables for the numerical simulation experiment, and
groupings are as follows:

Buried depths (10 levels): 17, 18, 19, 20, 22, 25, 30, 40,
55, and 75m

Charge weights (10 levels): 10, 12, 14, 16, 18, 20, 25, 30,
40, and 55 kg
Decoupling coefficients (10 levels): 1.1, 1.2, 1.3, 1.45,
1.6, 1.8, 2.0, 2.5, 3.0, and 4.0

,e seismic source parameters are designed using the
orthogonal experimental method [23] (Table 1), and, finally,
103 �1000 tests are required according to comprehensive
collocations.

,e randomization method [23] is adopted. According
to L100 (103) orthogonal optimization, we need to calculated
100models in total to eradicate the influence of confounding
factors on the exhibitions of the propagation features of the
seismic source wavelet in the rock.

2.3. Material Parameters and Models. In this simulation
experiment, the rock stratum excited by the seismic source is
composed of marine carbonate, and its constitutive relation
is described with a model for plastic kinematic hardening
materials (∗MAT_PLASTIC_KINEMATIC) [24]. ,is
model is subject to a plastic kinematic model. Due to a large
number of numerical simulation tests involved in this study,
the adoption of this model can achieve high calculation
efficiency; furthermore, this model can be used to realize the
simulation of the explosion cavity by defining failure strain
parameters [25–27]. ,e detailed parameters of the stratum
are summarized in Table 2.

Fine sands are used as the coupling medium of the
model, which is described with the MAT_SOID_AND_-
FORM model [24] (Table 3).

,e explosive is described with the high-energy material
model MAT_HIGH_EXPLOSIVE_BURN and Jones-Wil-
kins-Lee (JWL) state equation [24]. ,e JWL equation can
precisely describe the pressure, volume, and energy features
of the gaseous products during denotation, which is as
follows [28]:

p � A 1 −
ω

R1V
 e

− R1V
+ B 1 −

ω
R2V

 e
− R2V

+
ωE0

V
, (1)

where p is the pressure of the denotation products, V is the
relative volume of the denotation products, E0 is the initial
inner energy density, and A, B, R1, R2, and ω are the con-
stants determined by the experiment. ,e values of the
explosive and state equation parameters are summarized in
Table 4.

,e geometry model, material models, and boundary
conditions are input into the preprocessing module of the
ANSYS software, and then grids are demarcated to establish
a numerical calculation model. ,e model data are trans-
formed into the K file with the calculation and analysis
module of ANSYS, which is then introduced into LS-DYNA
Solver for solution. LS-Prepost is used for postprocessing
analysis of the calculated model. ,e completed model is
able to realize the simulation of the influence laws of the
seismic source parameters on the source wavelet in an
infinite half space. In this experiment, the entire calculation
model is cylindrical, whose upper boundary is a free surface,
with the rest faces set to nonreflection boundaries
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(Figure 2(a)). ,e explosive is charged cylindrically and
concentrated (Figure 2(b)). ,e height h and diameter d of
the charge are calculated according to the explosive mass,
with a height-diameter ratio of 4. ,e diameter of the blast
hole D is calculated based on d and the decoupling coeffi-
cient D/d, and the depth of the blast hole H based on h and
the buried depth l. Separate 3-dimensional numerical
simulation calculation models are established (Figure 2(c)).

2.4. Field Measurement. Field tests on the buried depth
and charge weight of the seismic source are conducted in
a marine carbonate outcropping area in Bazhong,
Sichuan province, China. ,e seismic data are collected
from the ground for excitation analysis. ,e collection
conditions for ground signals included the following:
trace interval, 30m; radiodetector, 2 buried square
combinations of 18 SJ-40 radiodetectors, with a combi-
nation base distance of 4 m; sampling rate, 1 ms; and
preamplifier gain, 42 dB.

,e working conditions are as follows:

Condition 1: charge weight, 10 kg, and buried depth,
15m, 18m, 20m, 22m, 24m, 26m, and 28m,
respectively

Condition 2: buried depth, 20m, and charge weight, 12,
14, 16, 18, and 20 kg, respectively

3. Results and Discussion

3.1. Field Measurements. Figure 3 shows the energygram
according to the seismic records obtained at different buried
depths. ,e energy is powerful at a buried depth of 15–20m,
after which it is weakened to some extent.

Figure 4 shows the energy and signal-to-noise ratios
according to the seismic records under different charge
weights. Under a charge weight of 16 kg, the reflected wave
possesses the most powerful energy and the highest signal-
to-noise ratio, showing the most satisfactory excitation
effect.

3.2. Simulation Results

3.2.1. Attenuation of the Seismic Source Wavelet. For cy-
lindrical concentrated charges, the wave front of the seismic
source wavelet can be considered as a spherical surface.
Based on the viscoelastic medium wave equation, the energy
of the wavelet is a function of transmission distance [29].
,erefore, we use the relative distance to the excitation
source to constitute the x-axis of the coordinate and set 10
data collection points for each model (Table 5).

,e test data are reviewed, and 30 models that are
distorted due to relatively great influence of model
boundaries (buried depths at 40, 55, and 75m) are excluded.
In addition, to ensure that the simulation results are as close
to actual values as possible, we put every 10 models into one
group, in which a weighted mean is used for the same
collection point to describe the particle velocity (Figure 5).

As shown in Figure 5, all curves show similar attenuation
trends but without overlapping, which indicates that the
excitation modes have influence on the propagation of the
source wavelet and that the energy transmitted by the source
wavelet can be regulated by changing explosion parameters.
In Figure 5, the relative distance of each data collection point
to the excitation source point r is x−H. When r is >60m, the
slope of the attenuation curve k approaches 0. ,is finding
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Figure 1: Research plan of this study.

Table 1: Orthogonal design of 10-level variables.

Variable
Level

1 2 3 4 5 6 7 8 9 10
Buried depth A1 A2 A3 A4 A5 A6 A7 A8 A9 A10
Charge weight B1 B2 B3 B4 B5 B6 B7 B8 B9 B10
Decoupling
coefficient C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

Table 2: Parameters of the marine carbonate model.

ρ (g·cm−3) E (GPa) μ θ Vp (m·s−1)
2.694 8.51 0.363 0.0022 3218
ρ, density; E, elastic modulus; μ, Poisson’s ratio of the rock; θ, failure strain;
Vp, velocity of the longitudinal waves of the rock.
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indicates that the energy of the seismic source wavelet at-
tenuates sharply within 60m in marine carbonate and be-
comes stable when r is >60m. ,e transmitted energy
attenuates exponentially with the extension of the relative
distance [30].

3.2.2. Energy Analysis. In this study, the depth size of the
models is 85m. According to the calculated energy atten-
uation results, we remove the 40 models with a wavelet
transmission distance <25m (85 minus 60) (i.e., buried
depths at 30m, 40m, 55m, and 75m) to avoid possible
outcome distortions due to boundary settings. At the same
distant point (84m below the Earth’s surface) of the

remaining 60 models, energy <100Hz is statistically cal-
culated. ,e outcomes of the polar analysis of variance are
summarized in Table 6.

As shown in Table 6, the decoupling coefficient is sig-
nificant at the level of p � 0.98 and the charge weight is
significant at the level of p � 0.70. However, buried depth
remains insignificant even at a level of p � 0.50. Range
reflects the variation amplitude of the tested index when
variables change. ,e results of this study show
DC>DB>DA, which indicates that decoupling coefficient is
the most influencing factor for transmitted energy, followed
by the charge weight and then buried depth.

Based on the field observations and the outcomes of the
polar analysis of variance, we perform extra tests on
decoupling coefficients (5.0, 6.0, 8.0, 12, and 18), with the
buried depth of 20m and the charge weight of 16 kg. ,e
influence of different explosion parameters on low-fre-
quency energy of the seismic source wavelet is shown in
Figure 6.

As shown in Figure 6, low-frequency energy does not
noticeably increase with the increase in the buried depth
of the charge. ,e reason under this phenomenon may be
as follows. Compared with the depth of oil reserves, the
variation range of the buried depth of the explosive is
quite small. ,eoretically, explosives of the same mass
possess identical chemical energy, and, therefore, energy
of the seismic source wavelets produced by them is def-
inite [19]. If the energy released after explosion can be
completely transmitted to the rock, rather than being
dissipated in rock throwing and air blast forming, it is

Table 4: Parameters of the explosive in the numerically stimulation experiment.

ρ (kg/m3) D (m/s) PCJ (GPa) A (GPa) B (GPa) R1 R2 ω E0 (J/m3)
1630 6930 27 374 7.33 4.15 0.95 0.3 7×109

ρ, density; D, detonation velocity; PCJ, Chapman–Jouguet pressure.
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indicated that the buried depth of the explosive is suffi-
cient in actual practice. However, according to the field
observations in this study, the energy of the seismic source
wavelet varies noticeably when the buried depth exceeds
20m. Presumably, this phenomenon is due to heteroge-
neity of the actual stratum. According to Wang et al. [21],
the seismic wavelets vary according to the properties of
the rock even when the same explosive is used. ,erefore,
in field seismic explorations, rock properties should be
taken into consideration in determining the buried depth
of the charge.

Figure 6 also shows that low-frequency energy increases
rapidly with the increase in the charge weight, and the
optimum charge weight is 16 kg, which is consistent with the
field observation. According to studies on the explosions of
hemispherical and flat explosives [19, 31, 32], the diameter of
the charge rather than the charge weight serves as the leading
factor for an increase in downward-transmitted energy; the

larger the diameter of the charge column is, the more the
transmitted energy will be. In our study, the height and
diameter ratio of the charge is 4 :1. With the increase in the
charge weight, the charge diameter increases accordingly.

In addition, as shown in Figure 6, with the gradual
increase in the decoupling coefficient, low-frequency energy
increases gradually to the peak, which is then followed by a
rapid decrease.,e coefficient corresponded by the peak is 4.
,e variation trend of low-frequency energy according to the
decoupling coefficient obtained in this study is similar to
those reported by Triviño et al. [11], Wang et al. [21], and
Yao et al. [33]. However, the exact decoupling coefficient
corresponded by the peak in our study is different from those
in the literature [11, 22, 33]. ,is inconsistency is pre-
sumably due to the differences in the selection of other
explosion parameters.

According to explosion theories, the range of explosion
cavity is 3–7 times the radius of the charge [34]. ,erefore,
when the decoupling coefficient is >8, the blast has already
weakened a lot in the coupling medium, which cannot break
marine carbonate any longer. At this moment, low-fre-
quency energy is transmitted directly into the rock. In the
meantime, the blast forms a cavity in the low-density and
-stiffness medium. Because of the existence of the cavity, the
energy loss through the cavity is less than that through
marine carbonate. Under such a condition, low-frequency
energy increases gradually.

3.2.3. Analysis of Explosion Cavity. In this study, the model
for marine carbonate is ∗MAT_PLASTIC_KINEMATIC. ,is
model possesses self-attached failure criteria, which can be
defined by assigning a value to the failure strain of the pa-
rameters [19, 20]. In this study, the value assigned to the failure
strain of the marine carbonate model θ is 0.0022 (Table 2); that
is, units with a strain >0.0022 in themodel will be removed and
replaced by a cavity. In this way, the cavity formation inmarine
carbonate under explosion load can be exhibited [35]. Based on

Table 5: Distribution of data collection points.

Collection point P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
Relative coefficient ai 0.1 0.129 0.167 0.215 0.278 0.36 0.464 0.599 0.774 1
Relative distance r� (8500−H)× ai
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the results of the experiment, the explosion cavity in marine
carbonate formed after explosion is elliptical. ,e extension
diameter of the cavity is measured in the direction along the
diameter of the charge, and Figure 7 is obtained.

As shown in Figure 7, with the increase in the decoupling
coefficient, the diameter of the cavity gradually increases, and
the variation trends under different charge weights are similar.

When the decoupling coefficient value is small, the ratio be-
tween the diameter of the cavity and that of the explosive
cylinder under a small charge weight is larger than that under a
large charge weight. When the decoupling coefficient lies
between 2.5 and 3, the ratio under a large charge weight is
larger than that under a small charge weight. ,ese findings
indicate that at a small decoupling coefficient, energy loss in
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Table 6: Outcomes of the polar analysis of variance (energy unit, 10−6 J).

Index Buried depth A (m) Charge weight B (kg) Decoupling coefficient C
Range Dn (n�A, B, C) 47933 112660 257736
Deviation sum Sn 22321313936 71939729597 369129801271
Degree of freedom fn 9 5 5
Variance Vn 2480145993 14387945919 73825960254
Variance ratio Fn 0.28 1.65 8.46
p Fp (9, 5) Fp (5, 5) Fp (5, 5)
0.9995 36.3093 39.7194 39.7194
0.999 27.2445 29.7524 29.7524
0.9975 18.5367 20.1783 20.1783
0.995 13.7716 14.9396 14.9396
0.99 10.1578 10.967 10.967
0.98 7.4152 7.9529 7.9529
0.975 6.6811 7.1464 7.1464
0.95 4.7725 5.0503 5.0503
0.9 3.31628 3.45298 3.45298
0.85 2.62677 2.69799 2.69799
0.8 2.19628 2.22752 2.22752
0.75 1.89106 1.89466 1.89466
0.7 1.65789 1.64098 1.64098
0.65 1.47069 1.43783 1.43783
0.6 1.31486 1.26923 1.26923
0.55 1.18151 1.12542 1.12542
0.5 1.06478 1 1
Significance (0.70) (0.98)
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breaking the rock is large; the diameter of the cavity is cor-
related with the diameter of the explosive cylinder, whereas the
contribution of the charge weight to the diameter of the cavity
is small.

When the decoupling coefficient is <3, the thickness of
the rock involved by the cavity basically remains unvaried.
,is is because the wave impedance of the coupling
medium needs to be between the rock and the explosive to
maintain effective energy transmission. ,e rock is far
stiffer than the coupling medium, and, therefore, the
energy consumed in breaking the rock is much larger than
that in forming a cavity. Under the same charge weight,
the existence of the coupling medium reduces the
thickness of the involved rock. In the meantime, it ab-
solutely increases the diameter of the cavity. Because the
bottom surface of the charge cylinder is a plane, an in-
crease in the diameter of the cavity increases the contact
area of downward transmission of energy. ,erefore, an
increase in the decoupling coefficient gives rise to a
gradual increase in energy that is transmitted downwards.
However, when the decoupling coefficient reaches 4, the
thickness of the involved rock increases abruptly. At this
moment, energy used for breaking the rock increases, and
that for downward transmission drops. ,is finding is also
evidenced by that based on the range analysis in this study.
,erefore, based on the consideration of the energy loss
due to rock breaking, a satisfactory decoupling coefficient
should be <3.

4. Conclusions

In this study, we investigate the influence of explosive buried
depth, charge weight, and decoupling coefficient on the seismic
source wavelet using the numerical simulation method. We
draw the following conclusions:

(1) From the perspective of well depth and charge
weight, a deeper well and a larger charge weight do

not indicate a more satisfactory excitation effect. In
field seismic explorations, the properties of rock
should be taken into consideration in determining
the buried depth of the charge.,e optimum charge
weight is 16–18 kg. Low-column concentrated
charging can achieve a satisfactory excitation effect,
which is manifested by powerful downward-
transmitted energy and a high signal-to-noise ratio
of the wavelet.

(2) Decoupling coefficient is the most influencing
factor for the seismic source wavelet, among the
investigated parameters, whose variations show
noticeable influence on the excitation effect on the
wavelet. An increase in the decoupling coefficient
increases the volume of the explosion cavity, as well
as the contact area of the downward surface wave.
For the interest of low-frequency energy transfer,
the decoupling coefficient should be 2.5–3.

In this study, we analyze the influence principles of the
buried depth, charge weight, and decoupling coefficient on
the explosion wavelet and compare their contributions to
the influence. Decoupling coefficient has more noticeable
influence on the source wavelet compared with the buried
depth of the explosive and the charge weight. According to
the results, we propose explosion parameters suitable for
marine carbonate, which can serve as a guide for designing
ideal explosion parameters in field seismic explorations.
However, source wavelet can be affected by a variety of
factors, and the number of the investigated factors in this
study is limited. In the future, comparative studies on more
factors should be conducted to identify and optimize
dominant factors for excitation wavelet. In addition, due to
the limitations of the mountains and road conditions in the
field test site, transportation of different types of drilling
tools, as well as the supporting equipment of the tools, to
verify the simulation outcomes related to the decoupling
coefficients is difficult to complete. ,erefore, the optimal
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Figure 7: Statistics of the diameter of the cavity.
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decoupling coefficient obtained in this study needs to be
validated by field experiments in the future.

Data Availability

All data for analysis in this study are included within the
article.
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