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Abstract

The action of the detonation gas can be considerably affected by the conditions under which the blast occurs. In order to achieve
a more comprehensive understanding of the contribution of detonation gas to fracturing reach, the combined finite-discrete
element method (FDEM) is performed to modelling rock blasting under three different circumstances: i. single-borehole
blasting without free surface under different in situ stress, ii. single- and multi-borehole blasting with a nearby free surface,
and iii. underground contour blasting. The results indicated that: (1) detonation gas contributes significantly to the fracturing
reach in single-borehole blasting without free surface, but the pneumatic increase factor (PIF) decreases with the increase
in isotropic in situ stress; (2) under anisotropic in situ stress, the contribution of detonation gas to the fracturing reach is
significant in the direction of maximum principal pressure but negligible in the direction of minimum principal pressure; (3)
the PIF of single-borehole blasting with a nearby free surface is even smaller than that of single-borehole blasting under
the hydrostatic pressure of 40MPa, indicating that the nearby free surface weakens the contribution of detonation gas to
fracturing reach; (4) due to multi-borehole interaction combined with free surface effect, detonation gas contributes little to
the fracturing reach in muti-borehole blasting with a nearby free surface. (5) due to the combined effect of anisotropic in situ
stress, free surface and muti-borehole interaction, the contribution of detonation gas to the excavation damage depth can be
negligible in underground contour blasting.
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1 Introduction the action of the stress wave, a large number of cracks are

generated around the borehole, and then, the detonation gas

The drill and blast technique is a widely used method to frac-
ture rock in petroleum engineering [1], mining engineering
[2], hydropower engineering [3] and nuclear power engineer-
ing [4, 5]. Most researchers have accepted that explosive
blasting has two consecutive stages which contribute to rock
fracturing: (i) the transient action of stress wave and (ii) the
quasi-static pressurization driven by the expanding detona-
tion gas [6]. After the explosive is detonated, the detonation
products quickly impact the borehole wall and induce radiat-
ing shock wave (stress wave) in the surrounding rock. Under
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penetrates into the cracks to promote the further propagation
of cracks, which is called gas penetration effect. However,
how much the detonation gas contributes to rock fracturing
is still a question to answer.

A few laboratory and field tests have been conducted to
study the effect of detonation gas, but have reached conflict-
ing conclusions. Yang et al. [7] used polymethyl methacrylate
(PMMA) as the rock-like material to conduct 2D blasting
model experiments with the borehole open and blocked,
the results of which showed that the detonation gas greatly
increases the fracture zone. Brinkmann [8] conducted blast-
ing experiments with and without borehole liners used to
separate the action of detonation gas from the stress wave.
His tests results showed that the stress wave controls the
damage of back rock, whereas the detonation gas controls
the breakout of burden. Olosson et al. [9] used tubular bolts
to prevent gas from penetrating the cracks in some boreholes
during field bench blasting. It was found that there was no
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difference in crack lengths between holes charged normally
and holes where the charges were inside the bolts, so the det-
onation gas only separated the already formed blocks. In fact,
the action of the detonation gas can be considerably affected
by the conditions under which the blast occurs. For example,
the contribution of detonation gas to crack generation in deep
rock without free surface is different from that of blasting in
rock with one or more free surfaces [10].

In addition to experimental tests, numerical modelling is
a useful tool for studying problems related to rock blasting
due to its time saving and ease of operation. In the finite ele-
ment method (FEM), the JH2 and RHT material models are
usually adopted to simulate rock blasting [11, 12], where the
cracks are mimicked by element damage rather than physi-
cal discontinuity. Another approach to model cracks in FEM
is to delete elements whose stress or deformation exceeds
a critical value, but this treatment will lead to unphysical
loss of mass and energy [13, 14]. The extended finite ele-
ment method (XFEM) was also used to analyse gas-driven
fractures [15], but it is not capable to capture the generation
of random cracks [16]. As a discontinuum-based method,
the discrete element method (DEM) is more widely used to
simulate rock fracturing and breaking [17-24]. Although the
action of detonation gas can be simulated by implementing
a pressurization algorithm into the PFC (a commercial soft-
ware based on DEM) [10], simplifying the mesostructure
of rock as bonded discs can lead difficulties to the calcula-
tion of gas volume. The discontinuous deformation analysis
(DDA) is another discontinuum-based method for studying
rock mechanics, which has been used to simulate the action
of explosion gas coupled with the rock failure process in
bench blasting [25]. However, it is difficult for both pure
continuum and discontinuum methods to simulate the whole
process of rock failure, which involves the deformation of
continuum, the transition from continuum to discontinuum
and the movement of discrete bodies [26]. By integrating
the advantages of FEM and DEM, Munjiza et al. established
the combined finite-discrete element method (FDEM) [27,
28], which is very suitable for modelling rock fracturing and
breaking [29-34]. Recently, this hybrid continuum—discon-
tinuum method has been extensively used in rock mechanics
and rock engineering to study fracture mechanism of het-
erogeneous rocks [35], underground excavation [36-39],
hydraulic fracturing [40—42], rock blasting [43, 44] and gas-
driven fracturing [45].

In the present study, FDEM is performed to modelling
rock blasting under three different circumstances: i. single-
borehole blasting without free surface under different in situ
stress, ii. single- and multi-borehole blasting with a nearby
free surface, and iii. underground contour blasting. The
contribution of detonation gas to fracturing reach and the cor-
responding mechanism is analysed. The purpose is to achieve
a more comprehensive understanding of the detonation gas
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effect, so as to provide some guidance for estimating the
fracturing reach in rock blasting.

2 FDEM for modelling rock blasting
2.1 Fundamental principles of FDEM

The combined finite-discrete element method (FDEM) was
originally developed by Munjiza during the early 1990s.
Inspired by the cohesive zone model, he inserted a joint ele-
ment between every two adjacent solid elements to simulate
the initiation and propagation of cracks (as shown in Fig. 1).
By incorporating the finite element method (FEM), cohesive
zone model and contact mechanics, the FDEM has the capac-
ity to simulate the deformation of continuum, fracturing of
solids and the interaction of discrete bodies.

2.1.1 Governing equations

According to Newton’s second law, the system governing
equation of FDEM can be written as follows

MX + fin((X) — fexi (%) — fe(x) =0 ey

where M is the mass matrix of all nodes; x is the nodal coor-
dinate vector; fin, fext, and £ represent the internal resisting
forces, external loads and contact forces, respectively.

The internal forces include the elastic force of solid ele-
ments and the bonding force of joint elements [37], which
are given by

oN
fir = / ra+ f Ntda )
ox
Q(Yl) a(n)

where 2 is the domain of interest, T is the Cauchy stress
calculated by the finite element method [46], and N is the
shape function of the solid element [47]. For constant-strain
triangular elements used in this paper, N; =& i,i =1, 2, 3,
2N; = 1. tis the traction caused by the joint elements, and
the details can be found in [48].

2.1.2 Contact force

In FDEM, the contact forces are calculated between all con-
tacting discrete bodies and contacting crack surfaces. The
normal components are calculated according to the penalty
function method [27], which allows the particles to pene-
trate each other, and the magnitude and distribution of the
contact force are directly related to the size and shape of
the overlapping area. The penalty function method is an
energy-conserving method and has been improved by [48]
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Fig. 1 Fundamental principles of FDEM: a Mode I fracture; b constitutive behaviour of joint elements; ¢ Mode II fracture

to overcome the oscillation problem in the transition from
cohesion to contact, whilst the tangential contact force is cal-
culated according to a Coulomb’s friction law [49]. Details
of the contact force model in the current study can be found
in [27, 48, 49].

2.2 The blast loads in the simulation

The explosive load is resolved into the stress wave and deto-
nation gas pressurization. There are various explosive models
and equations of state [50] that can be chosen to calculate the
explosive load, such as Munjiza’s detonation gas model [51]
and JWL equation [44]. For the sake of computation con-
venience, the commonly used Chapman—Jouguet detonation
model and power function EOS are adopted in this paper.
According to the Chapman—Jouguet theory, the pressure of
the detonation product when it begins to expand is

PeDz

Pe=5057)

3

where p. is the density of explosive, D is the detonation
velocity, and y is the adiabatic exponent of the detonation
product which can be approximately taken as 3 [52].

When the detonation product fills the borehole, its pressure
decays to
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Fig. 2 Pressure pulse acting on the borehole wall

where d. and dy, are the diameters of the explosive and the
borehole, respectively.

When the detonation product impact the borehole wall,
the peak pressure acting on the hole wall is

Pm = Pgm * 1

PeD 2 de
dp

2y
:2(1—4-)/) —) n mn=8~11) &)

In this paper, the magnification factor # is taken as 11.
The pressure pulse acting on the borehole wall is a function
of time. The time required for the pressure to reach the peak
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Fig. 3 Dynamic relaxation method in FDEM

value is #, = 0.02-0.03 ms according to the experimental
measurements of [53] and [54], whilst the time required for
the pressure to decay to 1/10 of the peak pressure is about
4-6 times ¢, [55]. Therefore, ¢, = 0.025 ms is taken, and the
function proposed by [56] is adopted to describe the pressure
wave acting on the borehole:

Po(®) = 4pu (27 =47 ) ©)

Fig. 4 Numerical model of
uniaxial compression and
Brazilian splitting tests

v/2=0.05m/s
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Table 1 Input meso-parameters for the numerical model

Parameters Values
Density, p (kg/m?) 2825
Elastic modulus, E (GPa) 18.0
Poisson’s ratio, v 0.17
Damping ratio, k, 1.0
Normal penalty of joint elements, ps, (GPa) 540
Tangential penalty of joint elements, ps (GPa) 540
Tensile strength, f; (MPa) 6.0
Internal cohesion, ¢ (MPa) 19.0
Internal friction angle, ¢ (°) 40
Mode I fracture energy, Gy (J/m?) 200
Mode II fracture energy, Gy (J/m?) 600
Contact penalty, p (GPa) 782
Sliding friction angle, ¢, (°) 40

In this paper, the density of explosive is p, = 1.0 x 10
kg/m?>, the detonation velocity is D = 3500 m/s, the charge
diameter is de = 0.07 m, and the borehole diameter is df,
= 0.1 m. Substituting these data into Egs. (3)~(5), pgm =
180.2 MPa and p,,, = 1981.7 MPa can be obtained. According
to Eq. (6), the pressure pulse acting on the borehole wall can
be obtained as shown in Fig. 2.

Under the dynamic action of the stress wave, many cracks
are generated around the borehole, and the penetration of

'Nér‘mnal element
size=1.0mm

v/2=0.05m/s
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Fig.5 Numerical simulation results in comparison with experimental results [63]: response curves of a uniaxial compression test and b Brazilian
split test; failure mode of ¢ uniaxial compression test and d Brazilian split test

Table 2 Macro mechanical

properties obtained from Elastic modulus, E Poisson’s ratio  Uniaxial Brazilian test
experimental tests [63] and (GPa) compressive strength, BTS
numerical simulations strength, UCS (MPa)
(MPa)
Experimental 18.0 0.17 123 8.8
Numerical 17.1 0.17 122 8.9

detonation gas can promote these cracks to propagate fur-
ther. Simultaneously, the pressure of detonation gas decays
as the volume expands. This is a complex gas—solid inter-
action process that is difficult to capture for any numerical
method. For the sake of simplification, it is assumed that the
gas flow region expands at a constant rate. This treatment
was originally proposed by [57] and has been also adopted
by other researches about FDEM, and the details of its imple-
mentation can be found in [39] and [45].

According to the experimental results of [58], the average
flow rate of detonation gas is in the range of 196-279 m/s. In
this paper, the expansion rate of gas flow region is taken as
200 m/s, and the gas pressure applied to the borehole wall and
connecting cracks is updated at every time step as follows.
pe(t) = pem(Vo/V(1))¥ (N
where V is the current volume of detonation gas[57], and V
is the initial volume of borehole.
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2.3 Non-reflecting boundaries and pre-existing
stress

For simulating the propagation of stress wave to infinity,
non-reflecting boundaries[59] are usually introduced into the
blasting numerical model to reduce the size of the model and
save the computational cost. In FDEM, this goal is achieved
by applying the following viscous traction on the boundaries:

Iy = —pCpup 8)
Is = —pPCs s

where ¢, and ¢ are the normal and tangential tractions; p is
the density of rock; v,, and v, are the normal and tangential
velocities; ¢, and ¢, are the longitudinal and transverse wave
velocities.

Before blasting, a static stress field may already exist in
the rock, which has a significant effect on the blasting results.
In FDEM, the dynamic relaxation method is usually adopted
to calculate the pre-existing stress field.

As shown in Fig. 3, the basic principle of the dynamic
relaxation method is to apply loads that rise first and then,
remain constant on the model boundaries until the maximum
nodal velocity in the model is less than a critical value, so
as to approach the static equilibrium state. The critical nodal
velocity is calculated as follows

min; oy,
va=w—L%;3i ©)
4
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Fig.6 Simulation of single-borehole blasting without free surface: a geometrical model; b initial mesh for numerical model

where o and oy, are the two principal in situ stresses, respec-
tively; ¥ is a reduction factor, which is taken as 0.001 in this

paper.

3 Calibration for the mesoscopic parameters
in FDEM

As introduced in Sect. 2.1, many mesoscopic parameters are
involved in FDEM, and taking reasonable values of these
parameters are the basis of the reliability of the simulation
results. For this goal, uniaxial compression and Brazilian
splitting numerical tests are usually performed to match the
experimental results by trial and error [33, 60].

As shown in Fig. 4, the uniaxial compression numerical
model is 50 mm wide and 100 mm high, containing 13,270
triangular elements; and the Brazilian splitting numerical
model has a diameter of 50 mm, containing 4512 triangu-
lar elements. Both the uniaxial compression and Brazilian
splitting simulations use a nominal element size of 1.0 mm
and a loading rate of 0.1 m/s. From the previous researches
[61, 62], this element size and loading rate are small enough
to guarantee the robustness of the simulation results.

The simulated rock is sandstone in this paper, and the
input meso-parameters are listed in Table 1. The response
curves from numerical simulations and that from experimen-
tal tests are shown in Fig. 5a and b, and the basic mechanical
properties from simulations and experimental tests are listed
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Fig.7 Stress evolution and
fracture process of blasting under
the representative in situ stress:

a without gas pressurization;

b with gas pressurization

in Table 2, from which it can be seen that the simulation
results are very close to experimental results. In addition, the
simulated failure patterns are similar to experimental failure
patterns (as shown in Fig. 5c and d), which indicated that the
input meso-parameters are reasonable.
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4 Numerical analysis

In order to investigate the contribution of detonation gas to
fracturing reach, this section will use the FDEM introduced
in Sect. 2 to simulate rock blasting under three different cir-
cumstances: i. single-borehole blasting without free surface,
ii. single- and multi-borehole blasting with a nearby free
surface, and iii. underground contour blasting. And every
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Fig.8 Crack patterns of experimental blasting [7]: a without gas pres-
surization; b with gas pressurization

circumstance includes two scenarios: without gas pressur-
ization and with gas pressurization.

4.1 Single-borehole blasting without free surface

In oil and gas engineering practice, explosive fracturing is
sometimes used to enhance the production of wells. The
direction perpendicular to the well is approximately infinite,
which can be regarded as single-borehole blasting without
free surface. As well, single-borehole blasting far away from
free surfaces can also be regarded as single-borehole blast-
ing without free surface. Single-borehole blasting without
free surface is the simplest circumstance and is the basis for
studying other circumstances due to the fact that the effects
of free surfaces and the multi-hole interaction are excluded.

As depicted in Fig. 6, a square numerical model with a
side length of 12 m centred on a borehole with a diameter
of 100 mm was established. The whole model is discretised
as an actinomorphic Delaunay mesh containing 490,740 tri-
angular elements, and the maximum and minimum nominal
element sizes are 36 mm and 9.8 mm, respectively. The four
sides of the model are non-reflecting boundaries to simulate
infinite rock mass, and various static initial pressures (o,
oy) have been applied by dynamic relaxation method before
blasting analysis.

4.1.1 Stress evolution and fracture process

Taking the in situ stress (oy = oy = 10 MPa) as an example,
the stress evolution and fracture processes of blasting without
gas pressurization are illustrated in Fig. 7a. In the initial stage
(before 0.1 ms), the rock near the borehole is crushed under
the action of high-intensity compressive stress waves. As the
stress wave propagates far away, due to energy consumption
and geometric attenuation, its compressive stress is less than
the compressive strength of the rock, but the hoop tensile
stress can still induce fractures (0.5-1.0 ms). After 1.0 ms,
the stress wave is not strong enough to induce fractures and
the fracturing reach no longer expands. Connecting the main
crack tips will result in a closed convex polygon boundary,
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and the equivalent fracturing radius is 1.12 m calculated from
the area of this convex polygon.

The stress evolution and fracture processes of blasting
with gas pressurization are illustrated in Fig. 7b. After the
stress wave travels far away (a few ms), the detonation gas
has penetrated into the cracks connecting to the borehole.
Although the pressure of the detonation gas is much smaller
than the stress wave, the gas pressurization on the crack sur-
faces causes a high degree of stress concentration at the crack
tips, so the cracks can propagate to a farther distance. It is
worth noting that under the action of gas pressurization, a
preferential crack (indicated by the white arrow in Fig. 7)
will still propagate whilst the other radial cracks stop prop-
agating, and the mechanism of this phenomenon has been
analysed in [64]. During this whole process, the gas pressure
decays as the volume increases until all the cracks no longer
propagate. The final equivalent fracturing radius is 2.40 m.
To evaluate the contribution of detonation gas to the fractur-
ing reach, the ratio of the equivalent fracturing radius under
blasting with and without gas pressurization is defined as the
pneumatic increase factor (PIF):

2.40
PIF=>"""_114 (10)
1.12m

This indicates that the detonation gas has a significant
contribution to the fracturing reach, which is consistent with
the previous experimental result [7], as shown in Fig. 8.

4.1.2 Effect of in situ stress

In this section, the effects of isotropic and anisotropic in situ
stresses on the pneumatic increase factor (PIF) will be stud-
ied. The final crack patterns of blasting with and without
gas pressurization under different isotropic in situ stresses
are shown in Fig. 9, and the variation of equivalent fractur-
ing radius and PIF with different isotropic in situ stresses
is shown as Fig. 10. It can be seen that, no matter with or
without gas pressurization, the equivalent fracturing radius
decreases with the increase in isotropic in situ stress, this is
because that the isotropic stress is compressive in any direc-
tion and thus, inhibits crack propagation. On the other hand,
when the isotropic stress is not greater than 40 MPa, the PIF
is greater than 1.67, indicating that the detonation gas has a
significant contribution to the fracturing reach. However, it is
interesting to be seen that the PIF decreases with the increase
in isotropic in situ stress. This is because the peak value of
the loading stress wave (~ 1GPa order) is much larger than
the gas pressure (10—100 MPa order), so the in situ stress has
a greater effect on detonation gas action than that on stress
wave action.

In order to investigate the effect of non-isotropic in situ
stress, the vertical initial pressure oy, = 30 MPa is kept
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Fig.9 Final crack patterns of
blasting under different isotropic
in situ stresses: a without gas
pressurization; b with gas
pressurization

constant, and the lateral pressure coefficient (A = o,/oy)
is changed from 1/3 to 1. The final crack patterns of blast-
ing with and without gas pressurization under non-isotropic
in situ stresses are shown in Fig. 11, and the variation of
equivalent fracturing reach and PIF with different lateral
pressure coefficients is shown as Fig. 12. It can be seen
that non-isotropic in situ stresses lead to non-uniform crack
patterns, that is, fracturing reach in the direction of major
initial pressure (o) is farther than that in the minor initial
pressure (o). This is due to the fact that the initial hoop
compressive stress in the direction of o is greater than the

(b)

initial hoop compressive stress in the direction of oy, thereby
inhibiting the crack propagation in the direction of o .. More-
over, under any non-isotropic in situ stresses, the PIF in the
direction of o is larger than that in the direction of o, indi-
cating that the detonation gas increases the non-uniformity of
crack propagation. This is due to the competitive advantage
of long cracks in propagating compared to short cracks under
the action of gas pressurization[64]. It is worth noting that
when the lateral pressure coefficient decreases (the differ-
ence between o and o increases), the PIF in the direction
of minor principal pressure (o) decreases and tends to 1,
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indicating that the contribution of detonation gas on fractur-
ing reach in the direction of minor principal in situ stress can
be ignored.

4.2 Blasting with a nearby free surface

In engineering practice (such as bench blasting), there is
usually a nearby free surface parallel or sub-parallel to the
boreholes. Under this circumstance, both the nearby free sur-
face and multi-hole interaction could influence the action
of the detonation gas. This section will first investigate
the contribution of detonation gas on fracturing reach in
single-borehole blasting with a nearby free surface and then,
investigate the contribution of detonation gas on fracturing
reach in multi-borehole blasting with a nearby free surface.

4.2.1 Single-borehole blasting with a nearby free surface

A 24 m x 14 m single-borehole blasting model containing
17,522 triangular elements is established as shown in Fig. 13a
and b, the minimum and maximum element size are 9.8 mm
and 93 mm, respectively. The upper side is the free surface,
and the other three sides are non-reflecting boundaries. The
borehole is located 2 m away from the free surface on the cen-
tral axis. The final crack patterns of single-borehole blasting
with and without gas pressurization are shown in Fig. 14a
and b. It can be seen that the damage depth (the furthest dis-
tance of crack propagation in the direction vertical to the free
surface) is 2.26 m in the blasting without gas pressurization,
whilst the damage depth is 3.76 m in the blasting with gas
pressurization. The pneumatic increase factor (PIF) is cal-
culated as 3.76/2.26 = 1.66, which is even smaller than that
in blasting under the in situ stress of (o = oy = 40 MPa),
indicating that the existence of the free surface weakens the
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pressurization are shown in Fig. 14c and d. Intuitively, the
difference in the fracturing reach between blasting with and
without gas pressurization is not very significant. The dam-
age depths of the end hole in blasting with and without gas
pressurization are 6.21 m and 4.53 m, respectively, so the PIF
is 1.37, whilst the damage depth of the central hole in blast-
ing with and without gas pressurization is 1.39 m and 1.44 m,
respectively, so the PIF is 0.97. This indicates that the dam-
age of the back rock in bench blasting is dominated by stress
wave, which is consistent with the conclusion from field tests
of Brinkmann [8]. The explanation of this phenomenon is that
the cracks connecting boreholes makes it easier for the rock
to move perpendicular to the borehole line, which makes the
gas pressure attenuate faster combined with the free surface
effect explained in Sect. 4.2.1.

4.3 Underground contour blasting

Contour blasting is an excavation method often used in tun-
nelling, and the effects of in situ stress, free surfaces and
multi-borehole interaction are all involved under this circum-
stance. In order to investigate the effect of detonation gas on
excavation damage in contour blasting, a numerical model is
established as shown in Fig. 15. The side length of the model
is 24 m, the diameter of the design contour surface is 4 m, the
burden is 0.9 m, and 16 boreholes with a diameter of 0.1 m
are uniformly arranged on the design contour surface. The
horizontal in situ stress of 30 MPa and the vertical in situ
stress of 20 MPa have been applied before blasting, and the
in situ stress computation result is shown in Fig. 16.

The simulated final crack patterns of contour blasting with
and without gas pressurization are shown in Fig. 17a and b.
Intuitively, the difference in damage depth of any direction
between the two scenarios is not obvious. In order to further
reveal the contribution of detonation gas on the damage depth
(fracturing reach) of contour blasting, the damage depth in
various directions is depicted as shown in Fig. 18. It can be
seen that no matter in which direction, the damage depths
of contour blasting with and without gas pressurization are
very close, indicating that detonation gas contributes little to
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Fig. 11 Final crack patterns of
blasting under non-isotropic
in situ stresses: a without gas
pressurization; b with gas
pressurization

the damage depth in contour blasting. This phenomenon is
the result of the three effects of in situ stress, free surface
and multi-borehole interaction. First, from the perspective of
in situ stress effect, the maximum principal pressure of the
borehole is sub-parallel to the design contour surface (see
Fig. 16¢), so that the detonation gas makes little contribu-
tion to the crack propagation in the direction perpendicular
to the design contour surface (as explained in Sect. 4.1.2).
Secondly, from the perspective of the free surface effect, the
existence of the free surface weakens the action of detonation
gas (as explained in Sect. 4.2.1). Third, the multi-borehole

(b)

effect further reduces the contribution of detonation gas to
the damage depth (as explained in Sect. 4.2.2).

5 Discussion

As mentioned before, the effect of detonation gas in rock
blasting is a complex and vague problem that is difficult
to carry out experimental research. Although some exper-
imental tests have been carried out, the conclusions reached
are not all consistent. [7] concluded that detonation gas can
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Fig. 17 Final crack patterns of
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Fig. 18 Damage depth in various directions

increase the crack lengths by more than three times, but [9]
indicated that the detonation gas has little influence on the
crack lengths. The experimental results of [8] showed that the
detonation gas controls the breakout of burden but has little
influence on the fracturing of back rock. The role of detona-
tion gas is actually greatly influenced by the conditions under
which the blast occurs. For example, [65] indicated that the
burden has a significant effect on the role of stress wave and
gas pressure in both single-hole and multi-hole tests, and the
experimental results of [66] indicated that the increase in
confining pressure reduces the contribution of gas pressure
to crack length.

As a hybrid continuum—discontinuum numerical method,
the combined finite-discrete element method (FDEM) is a
useful tool to simulate fluid flow through cracks[41, 67, 68].
In order to study the contribution of detonation gas to the frac-
turing reach, the combined finite-discrete element method
(FDEM) is used to perform numerical simulations of rock
blasting under different circumstances in this paper. Part of
the simulation results are in consistent with that of experi-
ments or field tests, which verifies the reliability of this study
to a certain extent.

However, due to the inherent limitations of the numerical
method used in this paper, the effect of the detonation gas may
be overestimated. On the one hand, ignoring the initial com-
paction stage of rock deformation (see Fig. 5a) will lead to an
underestimation of rock deformation, thereby underestimat-
ing the attenuation of gas pressure with volume increase. On
the other hand, in practical blasting, part of the detonation
gas will escape from the borehole collar or the cracks to the
atmosphere, which weakens the action of the detonation gas.
Nevertheless, the present findings are still significant to serve
as a reference to insight the contribution of detonation gas to

the fracturing reach in rock blasting and provide some guid-
ance for practical blasting such as estimating the fracturing
or damage range.

6 Conclusions

In order to investigate the contribution of detonation gas to
fracturing reach under different occurrence conditions, the
combined finite-discrete element method (FDEM) is used
to simulate rock blasting of three different circumstances: i.
single-borehole blasting without free surface under different
in situ stress, ii. single- and multi-borehole blasting with a
nearby free surface, and iii. underground contour blasting.
According to the numerical modelling, the following con-
clusions can be drawn:

(1) Insingle-borehole blasting without free surface, detona-
tion gas contributes significantly to the fracturing reach,
which is consistent with previous experimental results.
However, the pneumatic increase factor (PIF) decreases
from2.14 to 1.37 when the isotropic in situ stress (hydro-
static pressure) increases from 10 to 50 MPa.

(2) Under anisotropic in situ stress, the contribution of det-
onation gas to the fracturing reach is significant in the
direction of maximum principal pressure but negligible
in the direction of minimum principal pressure.

(3) The PIF of single-borehole blasting with a nearby
free surface is 1.66, which is even smaller than that
of single-borehole blasting under the hydrostatic pres-
sure of 40 MPa, indicating that the nearby free surface
weakens the contribution of detonation gas to fracturing
reach.

(4) Due to multi-borehole interaction combined with free
surface effect, detonation gas contributes little to the
fracturing reach in muti-borehole blasting with a nearby
free surface (bench blasting), which is consistent with
the conclusion from field tests.

(5) Due to the combined effect of anisotropic in situ stress,
free surface and muti-borehole interaction, detonation
gas contributes little to the excavation damage depth in
underground contour blasting.
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