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Abstract Blasting in high in situ stress fields is different from
blasting at the earth’s surface because of the dynamic
unloading effect in the former. In order to study the coupling
of dynamic loading and dynamic unloading in the blasting
process, the explicit finite element method and explicit-
implicit finite element method are employed respectively to
investigate the influence of high stress on blasting effects. The
results show that the stress and strain change rules of the two
methods are clearly different. The stress and strain change
rates calculated by the explicit-implicit algorithm simulation
are greater than the results simulated by the explicit finite
algorithm. The radius of the blasting cavity calculated by the
explicit-implicit finite element method is 0.015 m larger than
that of the explicit finite element method. Based on the results
of the explicit finite element method, a theoretical model is
also established, which helps to clarify the effects of high in
situ stress unloading when blasting in a high in situ stress field.
The model shows that the maximum tensile radial displace-
ment caused by high in situ stress dynamic unloading at the
edge of the blasting cavity is 0.12 mm, and the dynamic
unloading radial tensile effect can lead to rock failure. This

research illustrates that high stress has a considerable influ-
ence on the blasting process and on rock-breaking effects.
According to the findings, certain blasting engineering design
suggestions are made.

Keywords Blasting . High in situ stress . Coupled statics and
dynamics . Dynamic unloading . Explicit-implicit algorithm

Introduction

With development inWestern China and the strategy of promot-
ing the Belt and Road Initiative, many deep tunnel engineering
and mining projects are being built under high in situ stress. In
the deep excavation process, underground engineering works
are in high in situ stress fields. These conditions lie at the foun-
dation of improving excavation efficiency in order to control the
deformation of rock masses and to prevent engineering disasters
such as rock bursts (He et al. 2005; Fan et al. 2016).

Blasting excavation is a widely adopted technique for
breaking rock in many deep mines and tunnels. There are
two types of dynamic unloading waves in a rock mass when
blasting in a high in situ stress field: blasting unloading waves
and high in situ stress unloading waves. Cook et al. (1966)
pointed out that the sudden release of a load may lead to
tensile stress in a medium. However, no similar evidence has
been found to support such a mechanism of super relaxation in
blasting engineering in the laboratory. Hagan (1979) pointed
out that the strain energy stored in a rock medium around a
hole can be released rapidly to form a circumferential crack
called an Bunloading crack.^ Currently, the principal method
used to investigate the effects of dynamic loading considers
the dynamic unloading process as a function of load and time
(i.e., stress path). Miklowitz (1960) first studied the dynamic
unloading of a stretched elastic plate with a suddenly punched
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circular hole based on elastic mechanics and the Laplace
transform technique. Carter and Booker (1990) extended the
study to demonstrate that gradual excavation induces fewer
dynamic effects. Later, there were many studies that analyzed
the influence of various in situ stresses, the unloading rate (Li
et al. 2014), and the stress path (Guo et al. 2012; Cai 2008;
Cantieni and Anagnostou 2009) on dynamic effects (Lucier
et al. 2009).

In order to study the effects of coupling between blast load-
ing and dynamic unloading in high in situ stress fields
(Karekal et al. 2011; Ning et al. 2011; Abdelmeguid et al.
2003), common methods for numerical simulation of the
rock-blasting process include mesh-based methods (such as
the finite difference method (FDM) and the finite element
method (FEM)) and discrete particle methods (such as the
discrete element method (DEM) and hybrid FEM–DEM
methods). Lu et al. (2012) proposed an equivalent simulation
method to study the transient characteristics of the release
process[17]. Furthermore, Hu et al. (2015) provided a numer-
ical simulator capable of reproducing the complete blasting
response of a rock mass by incorporating large deformation,
damage distribution, and blasting vibration within a single
numerical model. Yan et al. (2015) studied the contributions
of in situ stress transient redistribution to blasting excavation
damage zones in deep tunnels using the dynamic finite ele-
ment method. Tao et al. (2012) applied LS-DYNA to the
unloading process of rocks under three-dimensional (3D)
stresses. Tao et al. (2013a, b) also applied implicit and the
explicit finite element methods to investigate the unloading
process of rocks in a confined state.

In engineering, it is meaningful to identify the difference
between blasting in high in situ stress and normal blasting; this
can guide applications in real scenarios. However, in terms of
research on the mechanism of blasting dynamic unloading,
there are two problems to consider in the coupling of blasting
loading and dynamic unloading: (1) it is difficult to confine
the edge of a blasting cavity, which is a reflecting boundary for
unloading stress waves; and (2) it is difficult to confine waves
when high in situ stress begins to unload at the end of the
blasting loading process. Furthermore, high in situ stress and
blasting loads, respectively, are static and dynamic loads, so it
is necessary to consider the coupling process between static
loading and dynamic unloading. In this paper, the explicit
finite element method of LS-DYNA was used to simulate
the hard rock blasting process for a single blasting hole.
Then, based on the simulation, the influence of the dynamic
unloading of high in situ stress on rock fragmentation was
studied using a theoretical solution. Finally, the explicit-
implicit algorithm in ANSYS Multiphysics/LS-DYNA was
used to simulate the coupling process between loading and
unloading. The high in situ stress field was generated by the
implicit algorithm while the dynamic loading and unloading
process were calculated by the explicit algorithm. It is

convenient to calculate the coupling of loading and unloading
in the blasting process. Based on the results, the unloading
mechanism in the blasting process was examined.

Analysis of the blasting process under high in situ
stress

Suppose that a cylindrical blasting hole with a radius of ra is
located in an initial geostress field with the vertical principal in
situ stress of σv and horizontal principal in situ stress of σH.
Rock masses are considered linearly elastic materials, and the
calculation model is shown in Fig. 1.

After the initiation detonation of explosives, the rock mass
near the explosives is extensively crushed. A blasting cavity
with a radius of Ra is formed under the impact of strong shock
waves. Meanwhile, there is a solid compression layer formed
outside of the explosion cavity. When shock waves are trans-
ferred to the edge of the compression zone, the shock wave
velocity is decreased to that of an elastic wave or a plastic
wave with the wave velocity of Cw. With the spreading of
compressive stress waves, radial cracks are formed in the rock
mass by the radial stretching effect of stress waves. Then,
radial cracks driven by blasting gas lead to the formation of
cracked regions. The radius of the blasting cavity increases to
R0, as shown in Fig. 2.

The temperature of the blasting gases reach 2000–3000 °C,
and their pressure reaches from several tens of thousands of
MPa to more than 100,000 MPa. Because of the propagation
of cracks and blasting gas heat conduction, a sharp decrease in
the pressure of blasting gases in the blasting cavity leads to the
rapid release of the elastic energy stored in the rock (Hua and
You 2001). An unloading wave with a velocity of C is
reflected from the edge of the blasting cavity to the tensile
rock. The radial stress is transformed from compressive stress
to tensile stress. When the radial tensile stress exceeds the
dynamic tensile strength of the rock, circumferential cracks

σv

σv

σH σH

Blasting charge

ra

Fig. 1 Model of blasting in the initial stress field
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are formed in the rock mass. In this process, because the pres-
sure in the blasting cavity is converted into negative pressure,
the in situ stress is also quickly released after a decrease of the
pressure in the blasting cavity. At that moment, the radius of
the blasting cavity increases to R and the radius of the crack
zone increases to Rc, as seen in Fig. 3.

The high in situ unloading waves continue to impact the
rock mass, leading to the formation of ring direction cracks
and a new damage zone with a radius of Rd. The final cavity
radius is R1, as shown in Fig. 4. The energy of the stress waves
continues to decay so that only elastic deformation and vibra-
tion appear outside of the region of the cracks. Therefore,
there are two types of loads that break rock, including blasting
loads and dynamic unloading stress waves.

The blasting process and calculation flow chart are
shown in Fig. 5. The figure shows that the theoretical
solution must calculate the loading and blasting unloading
process first. The study of the coupling between dynamic
loading and unloading is the key to characterizing the
blasting mechanism in deep subsurface detonation
(Bastante et al. 2012; Hamdi et al. 2010).

High in situ stress unloading follows the end of the impact
effect of the explosive shock waves. The curves of the blasting
load and blasting cavity radius versus time are plotted in
Fig. 6. When the pressure on the blasting cavity contour
σmax decays to a level equal to the in situ stress of the sur-
rounding rock mass, the release of the in situ stress begins.
σmax is the initial pressure of detonation gas, q is the
redistributed in situ stress of the surrounding rock mass, and
ta, t1, and t0 are the rise time of the blasting load, the start time
of the release of in situ stress, and the duration of the blasting
load, respectively (Lu et al. 2012).

Simulation of the blasting process without high
in situ stress

The radius of the blasting hole is 50 mm, which does not
correspond to an in situ stress field. The blasting process in
this case is a dynamic impact process. DYNA, which

RRc

Radial crack

Unloading wave
circumferential cracks

Situ stress unloading free face

σv

σv

σH σH

Fig. 3 Process of blasting dynamic unloading (phase 1)

R0

Radial crack
Compression wave

Blasting unloading free face

σv

σv

σH σHgas

Fig. 2 Process of blasting loading

R1Rc

Radial crack

Unloading wave
circumferential cracks

Rd

σv

σv

σH σH

Fig. 4 Process of blasting dynamic unloading (phase 2)

Shock wave, blasting cavity Ra

Blasting gas

compressive stress wave, radial cracks

blasting cavity R0

high situ stress unloading

Blasting unloading, circumferential cracks

blasting cavity R

blasting cavity R1

Blasting in high in-situ stress

Fig. 5 Blasting process and calculation flow chart
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originated at the Lawrence Livermore National Laboratory,
has been widely used in impact dynamics fields such as
blasting engineering, astronautical engineering, vehicle engi-
neering. The blasting process can be simulated using the ex-
plicit algorithm of ANSYS-DYNAwhen taking no account of
in situ stress.

The size of the numerical model was 4 m × 4 m, as shown
in Fig. 6. Approximately 4000 elements and 8000 nodes were
used in the computation.

A kinematic hardening model was applied to the materials
model, which is suited to modeling isotropic and kinematic
hardening plasticity with the option of including rate effects
(LSTC 2010). This is a very cost-effective model and is avail-
able for beam, shell, and solid elements. Its parameters are
shown in Table 1.

The Jones-Wilkens-Lee (JWL) equation of state was
used to model the pressure generated by the expansion
of the detonation products of the chemical explosive. It
has been widely used in engineering calculations and
can be written as (LSTC 2010):

P ¼ A 1−
ω

R1V

� �
e−R1V þ B 1−

ω
R2V

� �
e−R2V þ ωE0

V
ð1Þ

where A, R1, B, R2, and ω are material constants, P is
the pressure, V is the relative volume of the detonation
product, and E is the specific energy with an initial
value of E0. Table 2 gives the JWL parameters for the
explosive used. The algorithm of fluid-solid interaction
was used to solve the blasting model.

The radial displacement of the nodes versus different det-
onation distances is plotted in Fig. 7. As shown in Fig. 7, the
radial displacement decreased with increased detonation dis-
tances. At the edge of the blasting cavity, the peak

displacement reached 0.0905 m. Tangential displacement of
the nodes versus different detonation distances is plotted in
Fig. 8. The tangential displacement is tension displacement.
The maximum tangential displacement was −0.0065 m at the
edge of the blasting cavity. At double and triple the distance of
the blasting cavity, the maximum tangential displacements
were, respectively, −0.0019 m and −0.0012 m. This indicated
that the tangential displacement clearly decreased followed by
an increase of the detonation distance. According to the
results of these two graphs, the duration of blasting
loading was about 1 s.

The fringe of effective stress at 1 ms is plotted in
Fig. 9, where the radius of the blasting cavity without
considering high in situ stress was 0.17 m. The maxi-
mum effective stress was 533.5 MPa. Fig. 10 shows
that the maximum plane displace was 1.217 cm. The
results also show that the strongest tangential tensile
effect was at the edge of the blasting cavity. The weak-
ening extent of the tensile effect enlarged with increas-
ing distance from the blast center.

Theoretical model and solution

Because high in situ stresses are quickly unloaded near the
free surface of a blasting cavity, it is necessary to determine
the radius of the blasting cavity before using the theoretical
model to obtain a solution. BAnalysis of the blasting process
under high in situ stress^ section showed that radius of the
blasting cavity is 0.34 m at the end of the blasting loading.
Notably, the theoretical solution needs to replace the original
material as an elastic material.

Suppose that the blasting hole is subjected to uniform
in situ stress q (σv = σH = q = 20 MPa) which is
typically the stress at a depth of 800 m. The differential
equation for the equilibrium of a circular blast hole in
polar coordinates based on the elastic dynamic theory
can be written as follows:

∂σr

∂r
þ σr−σθ

r
¼ ρ

∂2u
∂t2

ð2Þ

This equation holds for plane strain problems in
which u is the radial displacement and σr and σθ are
the radial and tangential components of stress applied to
the edge of the blasting cavity, respectively. ρ is the
densi ty of the rock mass and u i s the radial

0

t
t0t1ta

Blasting load

0

q

σmax
Blasting cavity radius

R1

R
R0

Fig. 6 Curves of the blasting load and blasting cavity radius versus time

Table 1 Rock mass parameters

Density (kg/m3) Young’s modulus (GPa) Poisson’s ratio Yield stress (MPa) Failure strain Hardening parameter

3000 80 0.3 105 0.02 0.2
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displacement. Second-order partial differential equations
require at least two initial conditions:

u r; tð Þ ¼ ∂u
∂t

¼ 0 r≥R; t ¼ 0ð Þ ð3Þ

lim
r→∞

u r; tð Þ ¼ 0; t≥0 ð4Þ

Various unloading paths differ in their boundary condi-
tions, which can be described as follows:

σr R; tð Þ ¼ p tð Þ ¼
0 ; 0 ≤ t
q 1−e−

2πt
t0

� �
; 0≤ t < t0

q ; t ≥ t0

8<
: ð5Þ

where t0 is the unloading time. The physical equation given by
the generalized Hooke’s law can be described as follows:

σr r; tð Þ ¼ λþ 2μð Þ ∂u
∂r

þ λ
u
r

ð6Þ

σθ r; tð Þ ¼ λ
∂u
∂r

þ λþ 2μð Þ u
r

ð7Þ

where λand μ are the Lamé parameter and the shear modulus
of the rock mass, respectively. Substituting (6) and (7) into (2)
gives the governing equation:

∂2u
∂r2

þ ∂
∂r

u
r

� �
¼ 1

C

� �2 ∂2u
∂t2

ð8Þ

in which C is the propagation speed of the P-wave through the
rock mass, which is defined as follows:

C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λþ 2μð Þ=ρ

p
ð9Þ

The Laplace transform and its inverse solution can serve as
a mathematical tool for solving such problems. Subject to the

initial condition in (2), the governing equation in (7) is trans-
formed into the following (Carter and Booker 1990):

r2
∂2u
∂r2

þ r
∂u
∂r

− 1þ sr
C

� �2
� �

u ¼ 0 ð10Þ

where u is the transform of u and s is the transformation
parameter, which can be described as follows:

u ¼ ∫∞0 ue
−stdt ð11Þ

In the case of (7), the general solution is given by:

u ¼ AI1
sr
C

� �
þ BK1

sr
C

� �
ð12Þ

where I1 and K1 are modified Bessel functions of the first and
second kinds, respectively. Consider that the initial condition
sets A equal to 0. Substituting (4) into (5) and (11) gives the
constant B as:

B ¼
qR
t0s2

� �

λþ 2Gð Þ sR
C

� �
K

0
1 þ λK1

sR
C

� �� � ð13Þ

Because obtaining a theoretical solution is difficult, the
Talbot algorithm (Talbot 1979; Cohen 2007; Cao et al.
2016) was applied to the numerical inversion.

The maximum tensile radial stress σrt and the maximum
tensile radial train urt are expressed as:

σrt ¼ σr−σrq

urt ¼ u−urq

	
ð14Þ

where σrq and urq are the static radial stress and the static radial
displacement, respectively. Those can be calculated based on
elastic mechanics theory.

Table 2 Explosive material
constants Density (kg/m3) VOD (m/s) PCJ (GPa) A (GPa) B (GPa) R1 R2 ω E0 (GPa)

900 3200 18.5 685 741 5.56 1.65 0.35 3.9
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Fig. 7 Radial node displacement with detonation distance
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Based on the results of the explicit finite element
simulation regarding the radius of the blasting cavity
without considering high in situ stress, the theoretical
solution of a columnar cavity loaded with an instanta-
neous load in an elastic medium was calculated. A
three-dimensional contour map of the variations in σr
and σθ with t and r is shown in Fig. 11. According to
Fig. 11, the maximum σr and σθ were achieved at ap-
proximately 1.0 ms. Their curves at R, 2R, and 3R are
respectively shown in Figs. 12 and 13. Fig. 12 illus-
trates that the radial stress is tensile stress. Unloading
velocity decreased successively with increasing distance
from the edge of the blasting cavity. Based on Eq. (14),
the maximum value of tensile radial stress reach to
0.142q. Fig. 13 shows that the tangential stress is con-
verted to compressive stress.

As shown in Fig. 14, the maximum radial displace-
ment was 0.714 mm. The curves of u at different deto-
nation distances are plotted in Fig. 15. Based on (14),
The maximum radial tensile displacement at the edge of
the blasting cavity was 0.12 mm, indicating that the
radial displacement caused by dynamic unloading was
relatively small. However, it may also lead to the failure
of some of the hard rock mass because of tensile ef-
fects. Through the theoretical solution, we can obtain

the stress and strain variation during high in situ stress
unloading. This provides a basis for understanding the
evolution of the high in situ stress unloading response
in blasting processes. However, the disadvantage of this
approach is that it cannot fully consider coupling with
the blasting process.
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Fig. 9 Fringe of effective stress at 1 ms (Pa)
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Fig. 11 Three-dimensional contour maps of the variations in σr and σθ
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Fig. 12 Radial stress σr at the edge of the blasting cavity
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Numerical model implementation

When the theoretical solution is used to calculate the dynamic
unloading, it is necessary to calculate the radius of the blasting
cavity first. This means that the blasting process and dynamic
unloading process are separate, so this approach cannot accu-
rately describe the dynamic loading and unloading coupling
process in high in situ stress fields. Rock mass blasting in high
in situ stress fields is a static-dynamic coupled loading and
unloading process which can be simulated using the explicit-
implicit algorithm in ANSYS Multiphysics/LS-DYNA (Tao
et al. 2012). The simulation steps are as follows:

Step 1. The element type was defined. In this case, Solid 185
was used for the element type. Then the material
model was defined and material parameters were set.

Step 2. 20 MPa pressure was applied on the boundary of the
model, and then the static stress field model was
solved.

Step 3. The distribution of stress and strain surrounding the
blasting hole in high in situ stress were obtained by
implicit solution. The strain information was deleted
and the stress calculation results were saved.

Step 4. The element type was changed from implicit to ex-
plicit. Parts were created and a no-reflection bound-
ary was applied at the edge of the model. The .rst file

was loaded in order to create the dynamic relaxation
file.

Step 5. The K file was exported and material parameters
were modified. The algorithm for fluid-solid inter-
action was used to solve the model. The parameters
of the explosive were modified as shown in Table 1.
Finally, the K file was solved by the implicit-explicit
sequential LS-DYNA solver.

The fringe of effective stress at 1 ms is plotted in Fig. 16,
which shows that the radius of the blasting cavity was
0.185 m. It increased by 0.015 m compared with the result
in BAnalysis of the blasting process under high in situ stress^
section. The fringe of plastic displacement at 1 ms is plotted in
Fig. 17, which shows that the maximum plastic displacement
was 1.248 cm.

Figs. 18 and 19 also show that high in situ stress unloading
and blasting load unloading are not two separate processes,
but that they work together. Compared with the theoretical
solution, the explicit-implicit algorithm does not need to re-
establish the failure criterion in order to calculate the damage
region during the loading and unloading process. Compared
with the explicit finite element results, the change rules for
stress and strain are different. The stress and strain change
rates caused by dynamic unloading were clearly greater. It

Fig. 14 Contour map of variations in u with r and t
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can be concluded that the blasting process in high in situ stress
is different from ordinary blasting.

In hard rock blasting engineering, the radius of the cracked
region is much larger when the radius of the blasting cavity is
much larger because the dynamic unloading effect can im-
prove the effect of the tension in breaking rock. This means
that a higher level of explosives, larger blasting hole size, and
larger compensation space are required in order to obtain a
better cutting blasting effect than in ordinary blasting design.
In order to reduce the disturbance of the surrounding rock,
controlled blasting must use detonators with a larger segment
number. The unloading of high in situ stress occurred after the
blasting and unloading, but presplitting blasting can create
high in situ stress ahead of the blasting loading in the main
blasting zone. The specific engineering applications of this
effect are worth further research.

Conclusion

In the present study, a theoretical analysis method and the
explicit-implicit finite element method were used to simulate
dynamic unloading in high in situ stress. The analytical solu-
tion showed that the maximum radial tensile displacement at
the edge of the blasting cavity was 0.12 mm, which indicates
that the radial tensile displacement caused by high in situ

stress dynamic unloading is relatively small. The maximum
value of tensile radial stress reach to 0.142q. However, it may
nevertheless lead to the failure of some hard rock masses
because of tensile effects. The radius of the blasting cavity
calculated by the explicit-implicit finite element method in-
creased 0.015 mmore than the result calculated by the explicit
finite element method. Compared with the explicit finite ele-
ment results, the change rules of stress and strain were differ-
ent. The stress and strain change rates in the explicit-implicit
algorithm simulation were greater than the results simulated
by the explicit finite algorithm. This illustrates that high in situ
stress has a marked impact on the blasting process and rock-
breaking effects. The results also demonstrated that high in
situ stress unloading and blast loading are not two separate
processes; instead, they work together such that dynamic
unloading has a prominent effect. This study can contribute
to the optimal selection of an appropriate blasting method.
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