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/e outcome of bench blasting significantly affects the downstream operations in mining. In bench blasting, the explosives
charged in blastholes are generally cylindrically shaped and fired by the in-hole detonator. As the detonator determines the
propagation of the detonation wave in the cylindrical charge, the effect of detonator location can never be ignored. In this paper,
the mathematics and mechanics of the effect of detonator location was analyzed from the view of the distribution of explosion
energy and blast stress field of a cylindrical charge. /en, a field blasting experiment and two numerical simulations were
conducted to further display its effect on blasting outcomes. At last, the appearance of oversize boulders and rock toes in bench
blasting was discussed, and an improved scheme of the detonator location was proposed to cope with these problems. Results
indicate that the in-hole detonator has the capacity of adjusting the spatial distribution of explosion energy and blast stress field in
the surrounding rock mass./e traditional recommendation of the bottom detonator is not always right./e optimized detonator
location in bench blasting is available by properly combining the merits of traditional detonator locations./is study is of interest
to improve the efficiency and reduce the cost of mining.

1. Introduction

Blasting is generally the initial stage of rock breakage in
mines, quarries, or geotechnical constructions, and its
outcome plays a strong role in all downstream operations,
such as loading, hauling, and crushing [1–4]. In practice,
bench blasting is the most widely used operation pattern
[5, 6]. However, oversize boulders and rock toes that sig-
nificantly affect the efficiency and cost of downstream op-
erations often appear in the conventional bench blasting [7].
Hence, many studies devoting to achieving desired blasting
outcomes can be witnessed in the past, see [8–12] for ex-
ample. In bench blasting, the explosives charged in blast-
holes are usually cylindrically shaped and fired by the in-hole
detonator. Due to the geometry characteristic and finite

velocity of detonation (VOD), the detonation of the cylin-
drical charge exhibits directional and time effects [13].
Moreover, with the rapid advance in drilling machines, the
blasting gradually develops to large-diameter and deep-hole
blasting [7], where the directional and time effects are in-
creasingly obvious. /erefore, the detonator location that
determines the propagation of the detonation wave can
never be ignored in bench blasting.

/e previous studies related to the detonator location
mainly focused on the rock fragmentation and blast stress
field. Long et al. [14] investigated the effect of detonator
location on the rock fragmentation outcome in iron mine,
based on the analysis of the usage ratio of explosive energy.
Zhang [15] tried to increase the ore extraction by changing
the detonator location and conducted many field verification
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experiments in LKAB Malmberget mine in Sweden. One-
derra et al. discovered that the rock damage degree at the top
section is relatively larger if the detonator is placed at the
hole bottom, when using the HSBM (Hybrid Stress Blasting
Model) method to simulate blasting [16]. Liu et al. [17]
studied the effect of detonator location on boulders and rock
toes in bench blasting via the numerical simulation and
blasting practice. Leng et al. [18] discussed the nonideal
detonation reaction at the primary initiation stage of the
explosive and compared the rock fragmentation outcomes
between side-initiation and end-initiation. Unlike the
spherical charge where the source radiation is the same in all
directions [19], the radiation pattern of the cylindrical
charge is uniform. /e typical investigation of the radiation
pattern of a column explosive source is the work by Heelan
[20]. He derived the displacement solution of a short column
cavity, and the result indicates that the P- and SV-waves are
simultaneously beamed out from the explosive source and
channeled in certain directions [20]. Afterwards, Jordan,
Abo-zena, and White also discussed the radiation pattern of
a short column explosive source [21–23]. /e blast stress
field of an extended cylindrical charge can be approximated
by summing the contributions of the short element charges
along the entire length [24]. Many related investigations
show that the amplitude of the blast stress or vibration of a
cylindrical charge exists directional effect, i.e., the ampli-
tudes at the forward direction of the detonation wave are
higher than those at the backward direction, such as the
works by Gong, Vanbrabant, Triviño, and Liu [25–28].

As illustrated in Figure 1, the detonators were tradi-
tionally placed at the top, bottom, or midpoint sections of
the explosive charge. Beyond that, as the blastholes tend to
deepen, two detonators are simultaneously employed to
prevent misfires of the explosive in practice. By considering
the acting time of gaseous products, most previous re-
searchers recommended the bottom detonator location [14].
However, they ignored the effect of detonator location on the
spatial distribution of explosion energy transmitted into the
surrounding rockmass./e existing studies have displayed a
part of the effect of the detonator location, but its underlying
acting mechanism is still not well explained. /e current
understanding of the detonator location is not enough for
the rapid developing requirements of blasting. It is thus
necessary to further analyze the mathematics and mechanics
of the effect of detonator location on blasting outcomes.

/is paper aims to enhance the understanding of the
effect of detonator location in bench blasting, so as to im-
prove the outcome of bench blasting. It is divided into three
main sections: the theoretical analysis, the experimental and
numerical verification, and the proposed improvement of
detonator location. In the first section, the effect of detonator
location was analyzed both mathematically and mechan-
ically from the point of the distribution of explosion energy
and blast stress field of a cylindrical charge. /en, a single-
hole blasting experiment as well as two numerical simula-
tions was further implemented to display the effect of
detonator location on blasting outcomes. At last, problems
of the oversize boulders and rock toes faced in bench blasting
were discussed, and an improved scheme of detonator

location was proposed based on the idea of combining the
merits of top and bottom detonator locations. /is study is
of interest to improve the efficiency and profit in mining.

2. Mathematical andMechanical Analysis of the
Effect of Detonator Location

2.1. Effect of Detonator Location on Energy Distribution.
In bench blasting, the explosives charged in blastholes are
cylindrically shaped. It is well accepted that the explosive
detonation is a complex chemical reaction process along
with the chemical energy transforming to the internal and
kinetic energy of the detonation products. Based on the
Chapman–Jouguet theory, Figure 2 illustrates the detona-
tion reaction of the explosive and the propagation of the
detonation wave. For the cylindrical charge, the detonation
reaction exhibits time and directional effects along the entire
length [13]. Consequently, the distribution of the detonation
products and explosion energy is inevitably affected by the
location of the firing point (the detonator location in
practice).

To simplify the problem, the one-dimensional flow
model, assuming that the cylindrical charge is placed in a
vacuum rigid pipe [29], was used to analyze the distribution
of detonation products and explosion energy. As plotted in
Figure 3, the length of the charge is defined as l, and the
lengths at the left and right sides of the firing point are,
respectively, b and a. /e initial density and detonation
velocity are, respectively, ρ0 and V0, and the cross section
area of the explosive is S. /e steady detonation velocity is
denoted by V.

Firstly, the motion law of detonation products is
expressed as equation (1) assuming that the detonation
products are isentropic:

Blastholes

Nonel

Stemming

Detonator

Explosive

(a) (b) (c) (d)

Bench floor

Figure 1: Illustration of the traditional detonation locations in
bench blasting. (a) Top detonator; (b) Bottom detonator;
(c) Midpoint detonator; (d) Top-bottom detonators.
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where u is the particle velocity of detonation products, c is
the local sonic velocity, c is the adiabatic exponent, and +
and − , respectively, denote the left and right propagation
waves. If setting c � 3, as is rational for most condensed
explosives, equation (1) can be simplified as
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z

zx
(u ± c) � 0. (2)

/en, the characteristic line of the motion equation is
solved as

x � (u ± c)t + B,

(u ± c) � const,
 (3)

where B is the integration constant. As illustrated in Figure 3,
the shock wave and the rarefaction wave will simultaneously
propagate to the left and right sides once the explosive is
fired. It can be solved from equation (3) that, for the right
propagation case (the charge is fired at the left end), the
velocity of the shock wave and rarefaction wave propagating
to the right side is − V, while the velocity of the rarefaction
wave propagating to the left side is +V/2. Similarly, for the
left propagation case (the charge is fired at the right end), the
velocity of the shock wave and rarefaction wave propagating

to the left side is +V, while the velocity the rarefaction wave
propagating to the right side is − V/2. Hence, the motion
track of detonation products is a group of parallel lines, as
expressed in the following equation:

x � ±Vt,

x � ±
1
2

Vt.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(4)

As illustrated in Figure 3, there are altogether eight
different kinds of flow fields appearing in the pipe. /ey are,
respectively, the static zone I, the rightwards simple wave
zone II, the leftwards simple wave zone III, the right complex
wave zone IV, the left complex wave zone V, the rightwards
simple wave zone VI, the leftwards simple wave zone VII,
and the middle complex wave zone VIII. Table 1 lists the
time-space solutions of the motion equation in different flow
fields [29].

After sufficient time, only five flow fields (IV∼VIII) are
remained, with the three (IV, VI, and VIII) of them dis-
tributed at the right side and the other three (V, VII, and
VIII) distributed at the left side. By substituting the time-
space solutions u and c (refer to Table 1) into equation (5),
the mass and energy of detonation products flowing into the
left and right sides can be computed by the following
equations:

Compressive zoneExpansion zone Unreacted zone

Reaction zone

Detonation wave

Detonation products Explosive

Shock wave

Figure 2: Illustration of the detonation reaction of explosive.
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Figure 3: One-dimensional flow model of the detonation of a cylindrical charge.

Mathematical Problems in Engineering 3



M � A  ρdx �
16ρ0
9V

A  ρdx,

E �
1
2

A  ρu
2dx �

8ρ0
9V

A  cu
2dx,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(5)

Mb �
1
9
ρ0A(4a + 5b),

Ma �
1
9
ρ0A(5a + 4b),

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(6)

Eb �
1
27
ρ0SV

2 11
16

a + b ,

Ea �
1
27
ρ0SV

2
a +

11
16

b ,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(7)

where M and E are, respectively, the mass and energy of
detonation products, and the subscripts b and a, respec-
tively, denote the mass and energy distributed to the left and
right sides. For a special case, assuming that b� 0 and a� l
(the charge is fired at the left end), equations (6) and (7) can
be further simplified as
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Equations (6) and (7) indicate that the distribution of
detonation energy is closely associated with the parameters b
and a, i.e., the location of the firing point. It can be con-
cluded from equations (8) and (9) that more detonation
products and energy are distributed to the forward direction
of the detonation wave. If the cylindrical charge is fired at the
left end, the mass of detonation products and the energy
distributed to the right side is, respectively, 1.25 and 1.45
times of those distributed to the left side. It has to be clarified

that the practical blasting is much more complicated than
the one-dimensional model. However, the above analysis
revealed that the detonator location plays a significant role in
the energy distribution of a cylindrical charge.

2.2. Effect of Detonator Location on Blast Stress Field. /e
blast stress field of a cylindrical charge is usually approxi-
mated by summing the contributions of the short element
charges along the entire length [24], as shown Figure 4. /e
total length of the charge is defined as l, and it is divided into
n short element charges. As the explosive velocity of det-
onation is not infinite high and exhibits as the same level of
the sonic velocity of rock mass, the phase delay effect be-
tween the element charges cannot be ignored. Taking the
bottom detonator case as an example (see Figure 4), the
source radiation from the element charge (i − 1) is l/nV

earlier than the element charge i. For the observation point P
that is located at the top side, the stress amplitudes of the
subsequent element charges become larger and larger, for
the subsequent element charges are closer to the observation
point. On the contrary, the contributions from the subse-
quent charge elements for the point Q located at the bottom
side become weaker and weaker. It is not hard to conclude
that the blast stress field of a cylindrical charge is also
strengthened at the forward direction of the detonation
wave.

In this computation model, if supposing that the source
of the element charge is spherically radiated, the source
function can be described as [28]

f(R, t) �
AR− αg(t − τ), t≥ τ,

0, t< τ,
 (10)

where AR− α is the amplitude of the stress wave at the dis-
tance R and shows an attention of R− α, g(t) describes the
wave shape of the element charge, and τ is the travel time of
the stress wave from each element charge to the observation
point. /e wave shape here is described by a damped sine
wave, as expressed in the following equation:

g(t) � e
− βt sin(ωt), (11)

where β and ω are, respectively, the damping coefficient and
angular frequency. /en, the total blast stress solution
F(r, z, t) can be computed by

Table 1: Time-space solutions of the motion equation in different flow fields [29].

Flow field no. Time-space solution Flow field no. Time-space solution

I u � 0
c � (1/2)V

 V u � (1/2)((x/t) + ((x + b)/(t − b/V)))

c � (1/2)((x/t) − ((x + b)/(t − b/V)))


II u � (1/2)(x/t − (1/2)V)

c � (1/2)(x/t + (1/2)V)
 VI u � (1/2)((1/2)V + ((x − a)/(t − a/V)))

c � (1/2)((1/2)V − ((x − a)/(t − a/V)))


III u � (1/2)((x/t) + ((1/2)V))

c � (1/2)(((1/2)V) − (x/t)) VII u � (1/2)((− (1/2)V) + ((x + a)/(t − b/V)))

c � (1/2)((1/2)V − ((x + a)/(t − b/V)))


IV u � (1/2)((x/t) + ((x − a)/t − (a/V)))

c � (1/2)((x/t) − ((x − a)/t − (a/V)))
 VIII u � (1/2)(((x + b)/(t − b/V)) + ((x − a)/(t − a/V)))

c � (1/2)(((x + b)/(t − b/V)) − ((x − a)/(t − a/V)))
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where C is the sonic velocity of rock mass.
Figure 5 plots the contour line of the peak blast stress of

the cylindrical charge that is fired at the bottom. It indicates
that the blast stress field of a cylindrical charge is not uni-
formly distributed but strengthened at the top side. /e blast
stress at the top side is 38% larger than that at the bottom side.
It needs to be pointed that although the source of the short
explosive column is actually not spherically radiated, the
mathematical analysis in Figure 5 helps revealing the effect of
detonator location on the distribution of blast stress field.

In summary, the effect of detonator location can be
interpreted as the following two points. On the one hand, the
energy distribution of a cylindrical charge is closely asso-
ciated with the detonator location and more energy is
distributed to the forward direction of the detonation wave.
On the other hand, due to the phase delay effect, the blast
stress of a cylindrical charge is not uniformly distributed but
strengthened at the forward direction of the detonation wave
either./e underlying effect is that the detonator determines
the propagation of the detonation wave and thereby has the
capacity of adjusting the distribution of explosion energy
and blast stress field.

3. Experimental Verification of the Effect of
Detonator Location

3.1. Experiment Design. To verify the effect of detonator
location, a single-hole blasting experiment was conducted
during the foundation excavation of a hydropower sta-
tion. As shown in Figure 6, four vertical blastholes were
set at the square corners. /e length of the square was
3.5 m, and all the blastholes were 6.0m in depth and
100mm in diameter. /e explosive adopted was 2# rock
emulsion, and the charge length was 4.5m and 32mm in
diameter. /e detailed drill and blast parameters are listed
in Table 2.

All the blastholes were fired in the same blasting network
(see Figure 7), and the nonelectric millisecond (MS) deto-
nator was used to separate each shot. /e delay time was,
respectively, MS1 (0ms), MS5 (110ms), MS9 (310ms), and
MS13 (650ms). As plotted in Figure 8, the detonators in
blastholes A and B were placed at the top section of the
explosive, while those in blastholes C and D were placed at
the bottom section. It should be pointed that the iron balls
were placed at the bottom of blastholes A and C. In addition,
the coupling medium between the explosive and rockmass is
rock debris. /e design of iron balls is beyond the scope of
this study, and the detailed introduction refers to Hu et al.
[30, 31]. In fact, this is a combined experiment, but it does
not affect the contrast groups, i.e., boreholes A versus C and
boreholes B versus D.

As illustrated in Figure 9, three uniaxial vibration
sensors (CDJ28) were installed in the monitoring hole.
/ey were, respectively, 1.0m, 1.5m, and 2.0m below the
blasthole bottom. It needs to be pointed that the vibration
sensors were fixed on a bamboo slip in advance and then
placed into the monitoring hole and coupled with the rock
mass using cement slurry. /e instrument TC-4850, made
by Chengdu Zhongke Measurement and Control Ltd.,
China, was used to record the blast vibration signal. It
measures velocity and has a wide range of 0.001∼35.4 cm/s.

O

Peak blast stress

Cylindrical charge
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z

R 
= 

2.6
7l

R = 1.
67

l

R = 1.0l

Figure 5: Contour line of the peak blast stress of the cylindrical
charge that is fired at the bottom. /e peak stress is represented by
the normalized distance from (O) in the polar coordinate system.
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Figure 4: Computation model of the blast stress field of a cylin-
drical charge.
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/e sampling rate was taken as 125 μs, i.e., recording 8000
samples per second. It begins recoding (5 s duration with
0.1∼0.2 s of pretrigger) when the particle velocity exceeds
the preset threshold (0.10 cm/s). Figure 10 presents the
blast vibration monitoring system adopted in the field
experiment.

3.2. Test Results. Figure 11 presents the pictures of rock mass
after blasting. It shows that the features of the rockmass of the
four blastholes are quite different. For blastholes A and B,
where the detonator is placed at the top section, only slight
heavemovement of the rockmass can be witnessed alongwith
the formation of few blasting cracks. However, visible blasting
craters are formed and many rock fragments are thrown
outwards for blastholes C and D, where the detonator is
located at the hole bottom. Moreover, the rock mass for

blastholes C and D is darker than that for blastholes A and B
because the rock mass with higher humidity surrounding
blastholes C and D is lifted out by the upwards transmitting
explosion energy. Obviously, more explosion energy is
transmitted upwards if the detonator is located at the bottom
section. Figure 11 provides a solid evidence on the effect of
detonator location on the distribution of explosion energy.

Figure 12 plots the typical velocity time-history recorded
by the #2 vibration senor, which contains four evident
signals that are separated at the time axis. /ey are,

Table 2: Drill and blast parameters in the field experiment.

Hole diameter (mm) Hole depth (m) Spacing (m) Charge diameter (mm) Charge length (m) Charge weight (kg)
100 6.0 3.5 32 4.5 4.5

MS1

MS9

MS5

MS13

AB

CD

3.5m

3.5m

Monitoring 
hole

Blasthole

Spark detonator

Initiation sequence:A→B→C→D

Figure 7: Initiation sequence of the blastholes in the field
experiment.

1.
5m

4.
5m

Explosive

Iron ball

MS1

Nonel

MS5

MS9 MS13

A B C D

Stemming

Figure 8: Charging structures in the field experiment.

Blasthole (A)

Blasthole (C)

Blasthole(B)

Blasthole (D)

Monitoring hole

Figure 6: Onsite layout of the blastholes and monitoring hole.
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respectively, the blast vibration induced by blastholes A∼D.
Table 3 lists the peak particle velocities (PPVs), and Figure 13
illustrates the comparison of PPVs according to the designed
contrast groups.

/e contrast groups in Figure 13 indicate that the am-
plitude of blast vibration is closely associated with the
detonator location. /e PPVs under the bottom detonator
(blastholes C and D) are 21.0%∼59% smaller than those

Monitoring
hole

1.5m

4.5m

A(C)B(D)

1.0m

0.5m

0.5m

Vibration 
sensor

Iron ball

#1

#2

#3

Explosive

Figure 9: Layout of the uniaxial vibration sensors installed in the monitoring hole.

(a) (b)

Figure 10: Intelligent blast vibration monitoring system. (a) Uniaxial vibration sensor CDJ28; (b) recording instrument TC-4850.

A
B

C
D

(a)

A B

C D

(b)

Figure 11: Pictures of the rock mass after blasting. (a) Overall picture; (b) local pictures.
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under the top detonator (blastholes A and B)./e test results
demonstrate that the blast vibration at the forward direction
of the detonation wave is larger than that at the backward
direction. /is should be attributed to the combined results
of the effect of detonator location on the distribution of
explosion energy and blast stress field, as was analyzed in
Section. 2.

4. Numerical Simulation of the Effect of
Detonator Location

As was stated above, the mathematics and mechanics
analysis and the experimental results both indicate that the
detonator location plays an important role in the distri-
bution of explosion energy and blast stress field. However, its
effect on rock fragmentation is still not well displayed.
/erefore, based on the widely used LS-DYNA program, the
effect of detonator location is further investigated in this
section.

4.1. Damage Distribution of a Single Cylindrical Charge

4.1.1. Model and Parameters. As illustrated in Figure 14, a
three-dimensional model was developed to reproduce the
blasting of a cylindrical charge in the infinite rock mass.
Only a quarter of the cuboid was constructed according to
the symmetric property of the problem. /e model di-
mension is 5.0m× 5.0m× 10.0m (length×width× height),
and it contains 38, 902 elements and 46, 625 nodes. Except
for the symmetric boundaries, the nonreflecting boundaries
were applied to all the other sides of the model to eliminate
the boundary reflection.

/e cylindrical charge is 3m in length and 32mm in
diameter. /e widely used Jones–Wilkens–Lee (JWL)
equation of state was used to simulate the detonation of
explosive, as expressed in the following equation:

P � A 1 −
ω

R1V
 e

− R1V
+ B 1 −

ω
R2V

 e
− R2V

+
ωE

V
, (14)

A

B

C
D

50 700150 250 500 850200 550450 8003000 650400 750350100 600
Time (ms)

–40
–30
–20
–10

0
10
20
30
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V
el

oc
ity

 (c
m

/s
)

Figure 12: Typical velocity time-history recorded in the field experiment.

Table 3: Measured PPVs in the field experiment.

Sensor no.
PPV (cm/s)

Blasthole A Blasthole B Blasthole C Blasthole D
#1 18.37 32.50 14.51 —
#2 19.21 34.40 11.09 21.47
#3 19.33 27.55 7.92 14.07

18.37 19.21 19.33
14.51

11.09
7.92

PP
V

 (c
m

/s
)

#2 #3
A A A CCC

21.0%
42.3%

59.0%

#1
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5
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15
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25

(a)
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32.50 34.40
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B
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Figure 13: Comparison of PPVs under differing detonator locations. (a) Blastholes with iron balls (blastholes A vesus C); (b) blastholes
without iron balls (blastholes B vesus D).
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where P is the detonation pressure, V is the relative volume
of detonation products, E is the internal energy with an
initial value of E0, and A, B, R1, R2, and ω are the parameters
related to explosive types. /e explosive adopted was the #2
rock emulsion, and its JWL parameters refer to Li et al. [32],
as listed in Table 4, where VOD is the explosive velocity of
the detonator, and PCJ is the Chapman–Jouguet pressure.

In recent years, with the rapid development of simula-
tion techniques, various kinds of constitutive models were
developed to record the mechanic behavior of rock mass
[33]. Lu et al. [34, 35] developed a user-defined model that
incorporates the compressive damage into the existing
tensile damage model to simulate the rock damage during
blasting. /is model is named as the tensile-compressive
damage model and has shown its outstanding ability in
revealing the mechanic behavior of rock mass near the
blasthole. It is thus also adopted in the present numerical
simulation. /e detailed introduction and establishment of
this model refers the work of Lu et al. [34, 35].

/e core of this model is that it comprehensively ac-
counts for the tensile and compressive damage, as expressed
in the following equations:

Dt �
16
9

1 − μ2( 

(1 − 2μ)
Cd, (15)

Dc �
λ _Wp

1 − Dt

, (16)

D � max Dt, Dc( , (17)

where Dt and Dc are, respectively, the tensile and com-
pressive damage scalars, μ is the degraded Poisson’s ratio,
and Cd is the crack density, λ is the damage sensitivity
coefficient, _Wp is the plastic power rate, and D is the unified
scalar that describes the most unfavorable factors of tensile
and compressive damage. /en, the degraded bulk modulus
K and shear modulus G can be written as

K � K(1 − D),

G �
3(1 − 2μ)

2(1 + μ)
K.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(18)

Subsequently, the constitutive law could be described as
the form of the increment Hooke’s law, as expressed in the
following equation:

dσij � Kdεkkδij + 2Gdeij, (19)

where εkk and eij are, respectively, the volumetric and
deviatoric strains and δij is the Kronecker delta function.
Using the user subroutine interface in the LS-DYNA soft-
ware, the code of the above constitutive law can be inserted
into the source program. Table 5 lists the corresponding
physical parameters of rock mass in the computation, where
KIC is the fracture toughness of the material and k andm are
the damage coefficients.

4.1.2. Numerical Results. /ree different calculation con-
ditions, including the bottom detonator, midpoint deto-
nator, and two-end detonators were completed by the above
numerical model. Figure 15 gives the blast-induced damage
distribution of the cylindrical charge under differing deto-
nator locations. It indicates that the damage of the cylin-
drical charge is not uniformly distributed and controlled by
the detonator location. For the bottom detonator case, the
damage preferentially develops to the top side and the
damage radius at the top-end section is 2.5 times of that at
the bottom-end section (see Figure 15(a)), whereas the
detonation waves under the midpoint and two-end deto-
nator cases simultaneously propagate to the two ends or
midpoint of the charge. /erefore, for the midpoint deto-
nator case (see Figure 15(b)), the damage radius at the two-
end section is 1.4 times of that at the middle section, while
for the two-end detonator case (see Figure 15(c)), the
damage radius at the middle section is 3.0 times of that at the
two-end section. It is not hard to say that the blast-induced
damage preferentially develops to the forward direction of
the detonation wave. /e simulation of the cylindrical
charge helps in visually displaying the effect of detonator
location on blasting outcomes.

4.2. Simulation of the Multihole Blasting

4.2.1. Model and Parameters. To further compare the rock
fragmentation effects under differing detonator locations,
another three-dimensional model was developed to simulate
a simple multihole blasting. As shown in Figure 16, the
model dimension is 15.4m× 6.8m× 10.0m

23
m

3m

Symmetric boundaries

Nonreflecting boundaries

Cylindrical charge

5m
5m

Figure 14: Numerical model of the blasting of a cylindrical charge
in the infinite rock mass.
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(length×width× height), including 195520 elements and
202554 nodes. /e simulation contains three blastholes, and
the Burden× Spacing is 0.9m× 1.8m. /e blastholes are all
5.0m in depth and 90mm in diameter. /e charging length
is 3.5m and 70mm in diameter. Except for the free surface,
the nonreflecting boundaries were applied to the other
surfaces of the model.

It needs to be pointed that the physical parameters of the
rock mass at the top surface are different from those inside,
because the parameter degradation would be unavoidably
caused by the excavation damage from the last step or the
surface relaxation. /us, in this simulation, it is assumed
that, within 1.5m inside the top surface, the rock parameters
gradually increase from outside to inside in a linear way, and
beyond the range, the rock parameters remain the same.

4.2.2. Numerical Results. Figure 17 gives the damage dis-
tribution at the cross section I–I under differing detonator
locations. Besides, Figure 18 plots the rock damage profile at
the bottom zone of the blastholes./ey indicate that the rock
fragmentation effects are greatly affected by the detonator
location. For the top detonator case, the damage prefer-
entially develops to the hole bottom, so the damage profile
looks like an inverted funnel (see Figure 17(a)). /e
downwards transmitting explosion energy under top det-
onator location is beneficial to the rock fragmentation at the
hole bottom, but weakens the rock breakage at the top zone,

and thereby causes some boulders. On the contrary, the
damage profile under bottom detonator location is an
erected funnel (see Figure 17(b)), as the damage preferen-
tially develops to the top zone. Although the upwards
transmitting explosion energy releases the problem of
boulders, its poor function on the rock breakage at the hole
bottom produces some rock toes. For the midpoint deto-
nator location, the detonation waves simultaneously

Table 4: Jones–Wilkens–Lee (JWL) parameters of the explosive.

Density (kg/m3) VOD (m/s) PCJ (GPa) A (GPa) B (GPa) R1 R2 ω
1000 3600 3.24 220 0.2 4.5 1.1 0.35

Table 5: Physical parameters of rock mass in the numerical simulation.

Density (kg/m3) Elastic modulus (GPa) Poisson’s ratio Tensile intensity (MPa)
Damage
parameters KIC (MN/m3/2) λ (kg/J)
k m

2530 40 0.22 2 2.33×1024 7 0.92 0.0001

Detonator

Fringe levels

(a) (b) (c)

1.000e – 01
2.000e – 01
3.000e – 01
4.000e – 01
5.000e – 01
6.000e – 01
7.000e – 01
8.000e – 01
9.000e – 01
1.000e + 00

0.000e + 00

Figure 15: Blast-induced damage of the cylindrical charge under differing detonator locations. (a) Bottom detonator; (b) Midpoint
detonator; (c) Two-end detonator.

10
.0

m

15.4m
6.8m

5.
0m

I

I

Free surface

Free surface

Blastholes

Figure 16: Numerical model of the multihole blasting.
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propagate upwards and downwards, so the damage profile
approaches to a cylinder with a slightly narrow zone at the
middle section (see Figure 17(c)). In a word, as for the rock
fragmentation, each detonator location has its merits and
demerits./e simulation of themultihole blasting is valuable
to enhance the understanding of the effect of detonator
location on the rock fragmentation in bench blasting.

5. Discussion on Improvement of theDetonator
Location in Bench Blasting

5.1. ProblemsFaced inBenchBlasting. /e bench blasting is a
key step of the whole mining production. /e cost and
efficiency of loading, hauling, crushing, and grinding op-
erations are seriously affected by its outcome. However,
boulders or oversize boulders are often produced in practice,
as shown in Figure 19. /ese boulders not only affect the
production efficiency but also increase the cost of secondary
breakage and transportation. In addition, as shown in
Figure 20, the rock toes, as are defined as the hard ridges
above the bench floor, are also a confusing problem in bench
blasting. /e rock toes will become an obstacle to the
movement of the backward rock mass in the next bench
blasting and thereby produce more serious rock toes. Great
efforts must be attached on the handling of rock toes, which
will inevitably delay the blasting operations and increase the
cost. /erefore, to ensure the downstream operations, much
attention needs to be drawn on reducing the boulders and
rock toes in bench blasting.

5.2. An Improved Scheme of the Detonator Location in Bench
Blasting. Before this study, most researchers recommended
that the detonator should be placed at the hole bottom to
guarantee the rock fragmentation and throwing effects. /ey
hold on the view that the bottom detonator can increase the
usage ratio of explosion energy from the point of stress wave
reflecting theory at the ground surface [14]. However, as was
analyzed in the above sections, the detonator location plays
an important role in the distribution of explosion energy and
blast stress field. /e detonator has the capacity of adjusting
the spatial distribution of explosion energy transmitting to
the surrounding rock mass. /us, the bottom detonator is
not always the best choice, and the detonator should be
changed with the onsite conditions.

In fact, the boulders and rock toes are mainly caused
by the insufficiency breakage of rock mass at the top or
bottom of the blastholes. As for the rock fragmentation,
the numerical simulation results indicate that each det-
onator location has its advantages and disadvantages (see
Figure 17). Figure 21 presents an improved scheme of the
detonator location in bench blasting, based on the un-
derstanding of traditional detonator locations. In this
scheme, the explosive is divided into two parts by an inert
barrier, and the length ratio of the upper to the lower
explosive is about 2.0. /e detonator within the lower 1/3
length of the explosive is placed at the top section, so as to
adjust the explosion energy transmitting to the hole
bottom and reduce the rock toes. While the upper 2/3
explosive is used to ensure the rock fragmentation and
throwing effects, so the detonator is placed a little lower

Hole bottom

Detonator

Charge

Boulders

Detonator

Hole bottom

Charge

Rock toes

Detonator

Hole bottom

Charge

0.000e + 00
1.000e – 01
2.000e – 01
3.000e – 01
4.000e – 01
5.000e – 01
6.000e – 01
7.000e – 01
8.000e – 01
9.000e – 01
1.000e + 00

Fringe levels

(a) (b) (c)

Figure 17: Blast-induced damage of the multihole blasting under differing detonator locations. (a) Top detonator; (b) bottom detonator; (c)
midpoint detonator.

Top detonator

Bottom detonator

Midpoint detonator

Depth (m)

Radius (m)

1.0

0.5

–3.0 –2.5 –2.0 –1.5 –1.0 –0.5 0 0.5 1.0 1.5 2.0 2.5 3.0

Hole bottom

Figure 18: Blast-induced damage profile at the bottom zone of the blastholes.
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Boulders

(a)

Oversize boulders

(b)

Figure 19: Illustration of the problem of boulders in bench blasting. (a) Boulders; (b) oversize boulder.

Rock toes

(a)

Secondary blasting

(b)

Figure 20: Illustration of the problem of rock toes in bench blasting. (a) Rock toes; (b) handling of rock toes by secondary blasting.

Detonator (2)

Detonator (1)

Nonel

Stemming

Explosive

Inert barrier

Figure 21: An improved scheme of the detonator location in bench blasting.
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than the middle section. /e inert barrier here is used to
prevent the energy concentration between the upper and
lower detonators (see Figure 16(c)). /e improved scheme
comes from an idea of combining the merits of traditional
detonator locations, so as to further cope with the
boulders and rock toes. More onsite blasting experiments
are still needed to verify and optimize this detonator
location scheme.

Except for the detonator location, many other factors,
such as the drill and blast parameters, the explosive properties,
the space-to-burden ratio, and the onsite geological condi-
tions, also greatly affect the outcome of bench blasting. Hence,
the detonator location should be considered comprehensively
with other influence factors. /is paper mainly focuses on the
effect of detonator location, so the detailed discussion on
other factors is not included.

6. Conclusions

/e mathematics and mechanics of the effect of detonator
location was analyzed at first. /en, a field experiment as
well as two numerical simulations was also conducted to
display the effect of detonator location on blasting out-
comes. At last, an improved scheme of the detonator
location in bench blasting was proposed, according to the
understanding of the effect of traditional detonator lo-
cations. Several valuable conclusions can be drawn as
follows:

(1) /e in-hole detonator has the capacity of adjusting
the spatial distribution of explosion energy and blast
stress in the surrounding rock mass. On the one
hand, the energy distribution of a cylindrical charge
is closely associated with the detonator location, and
more energy is distributed to the forward direction of
the detonation wave. On the other hand, due to the
phase delay effect, the blast stress field of a cylindrical
charge is not uniformly distributed but strengthened
at the forward direction of the detonation wave
either.

(2) /e experimental results indicate that, for the ver-
tical blasthole, the PPVs below the hole bottom
under bottom detonator location are 21%∼59%
lower than those under top detonator location. /e
numerical simulations show that each detonator
location has its merits and demerits in terms of the
rock fragmentation effect.

(3) /e traditional recommendation of the bottom
detonator is not always right, and the detonator
location should be changed with the onsite condi-
tions. /e optimized detonator location in bench
blasting is available by properly combining the
merits of traditional detonator locations.
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