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Abstract
Assuming that the vibration waves emitted by successive detonations in the near by holes, each having an identical set of

explosives, are identical each other, a proper delay between holes, which significantly reduces the peak particle velocity
(PPV) at any point of interest, can be designed, based on the theory of superposition of waves. Blast vibrations were mea-
sured in situ in order to design an efficient production blasting in an open pit limestone quarry, where the pit floor is
approaching an abandoned stope whose roof must be maintained stable to prevent the pit floor from caving in. A relation-
ship between PPV at the measuring point and the distance to epicenter was considered. Also PPVs based on different crite-
ria, i.e. PPV minimization and auto-correlation minimization, were compared. Finally, two dimensional FEM analysis,
based on the data of the in situ blast vibration measurements, was performed to estimate the distribution of the PPVs around
a particular target point.

1. Introduction
Even though blasting is the most efficient means to frac-

ture rock mass up to date and is commonly practiced in
civil and mining enterprises world wide, ground vibration
entailing the detonation of the explosives could cause
problems to surface or even underground structures, if not
controlled. Several blast vibration control techniques using
delay blasting have been developed. From among those,
sectional vibration control based on the theory of superpo-
sition of waves has been applied to several Japanese lime-
stone quarries1)-4).

In case in which the vibration waves emitted by succes-
sive detonations in the near by holes, each having an iden-
tical set of explosives, could be assumed to be identical
each other, a proper delay between holes can be designed
which significantly reduces the peak particle velocity
(PPV) at any point of interest. When designing a proper
delay, the range, in which the PPV will be reduced below
a critical level, should also be considered.

Several blast vibrations were measured at Kawara lime-
stone quarry in order to design an efficient production
blasting, where the horizontal level of the pit floor is
approaching an abandoned stope for aragonite mining
whose roof must be maintained stable to prevent the pit
floor from caving in. Two dimensional FEM analysis by
ANSYS, based on the data of the in situ blast vibration
measurements, was performed to estimate the distribution
of the PPVs around the measuring points.

2. Blast vibration measurement and analysis

2.1 In-situ measurement system
Vibration waves of bench blasting were measured at

measuring points installed on the floor of the abandoned
stope. All the waves were measured simultaneously at
arbitrary two measuring points out of five, allocated in the
same level as shown in Fig. 1. The vertical distance
between the pit floor and the roof of the abandoned stope
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at the time of measurements was ca.22m, so that careful
blasting was needed to avoid scaling from the roof. 

Tri-axial piezoelectric acceleration transducers (TEAC
707LFZ), which were fastened with bolts to an iron base
fixed to the exposed intact floor rock by cement as shown
in Fig. 2, were used as a sensor at each measuring point.
The vibration wave signals from each transducer for three
orthogonal directions were amplified by 200 to 1,000
times through a set of differential DC amplifiers (TEAC
SA-25) and transferred to a data logger (GRAPHTEC
DM3100) controlled by PC using LabVIEW. The mea-
surement system except the transducers was installed in a
shelter as shown in Fig. 3 to protect from scaling of the
roof just in case.

2.2 Bench geometry and blast hole design
The bench height of the quarry is 10m. The diameter of

the inclined blast hole (at 60deg.) for production blasting
is either 95mm or 105mm, with a drilling length of 13m.
AN-FO is used for a deck charge, as shown in Fig. 4, in
combination with HAMAMITE as a primer and MS elec-
tric detonators.

2.3 Vibration wave data
Vibration waves of eleven blasting operations at several

faces in the quarry were measured. Each operation is con-
sisted by following shots. Two shots with an initiation
time difference more than one second are regarded each
other as an independent shot.

No.1, 28/10/2002: 7 single shots
No.2, 29/10/2002: 7 single shots
No.3, 31/10/2002: 6 double shots with 50ms delay

triple shot each with 50ms delay
No.4, 01/11/2002: 2 double shots with 25ms delay

2 double shots with 50ms delay
2 double shots with 75ms delay

No.5, 18/11/2002: 6 single shots
No.6, 18/11/2002: quadruple shot each with 25ms delay

5 double shots with 130ms delay
triple shot with 130 and 120ms delays

No.7, 19/11/2002: 3 deck charged holes, 
50ms deck delay and 25ms hole delay
4 deck charged holes, 
50ms deck delay and 25ms hole delay

No.8, 20/11/ 2002: 2 double shots with 25ms delay
2 double shots with 50ms delay
2 double shots with 75ms delay

No.9, 20/11/2002: 5 deck charged holes, 
50-ms deck delay and 75-ms hole delay

No.10, 10/06/2003: 10 single shots
No.11, 11/06/2003: 10 single shots

The blasting No.1 was measured at measuring points
No.2 and No.5. The blasting No.2 was measured at mea-
suring points No.3 and No.4. All other blast vibration
waves were measured at measuring points No.4 and No.5.
The distance between measuring points No.4 and No.5 is
60m.
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Fig.1 Measurement points.

Fig.3 Measurement system.

Fig.2 Tri-axial piezoelectric acceleration transducer.

Fig.4 Bench geometry and blast hole design in the quarry.



An example of blast vibration acceleration wave of a sin-
gle shot, in which both decks in a hole were detonated
simultaneously, is shown in Fig. 5a. By integrating the
acceleration by time, velocity wave shown in Figure 5b is
obtained.

2.4 Relationship between distance and PPV
Due to geometric and inelastic wave attenuation, PPV of

the same blast vibration wave generally tends to decrease
according to the increase of the distance from the epicen-
ter. The relationships between 20 PPVs of composite parti-
cle velocity waves for three orthogonal directions from
blasting No.10 and No.11 at measuring points No.4 and
No.5 and each distance form the epicenter are shown in
Fig. 6a and Fig. 6b, respectively. In blasting No.10 and
No.11, approximately 40kg of AN-FO was charged in
each hole. The horizontal location of the face for blasting
No.10 and No.11 is shown in Fig. 7.

As it is obvious from Fig. 6a, PPV gradually decreases
according to the increase of the distance to each epicenter
at measuring point No.4. Whereas at measuring point
No.5, it seems as PPV does not depend on the distance. 

The peak velocities of the vertical component of vibra-
tion waves reaching the measuring point No.5 in blasting
No.10 and No.11, especially those from the nearer part of
the face, were apparently smaller or the timing of its
occurrence delayed compared to those for other two
orthogonal directions. We could not identify the reason so
far but it could be possible that the waves were disturbed
either by some fractured zone or inhomogeneous rock
mass with lower Young’s modulus, existing somewhere in
the path, or simply by the geometry of the stope.

2.5 Relationship between distance and 
optimum delay

Both, PPV minimization1) and auto-correlation minimiza-
tion3) were adapted as the criteria to obtain the optimum
delay for a two shots delay blasting based on particle
velocity wave data of the corresponding single shot.
Figure 8a shows the relationship between the distance from
the epicenter and two kinds of optimum delays, obtained
under above criteria in the range up to 30ms, for 20 single
shots in blasting No.10 and No.11 at measuring point No.4.
Those for measuring point No.5 is shown in Fig. 8b.

The correlations between the two optimum delays for
measuring points No.4 and No.5 are 0.82 and 0.49, respec-
tively. Considering that some of the waves arriving to
measuring point No.5 could be disturbed, we can expect
that in relatively homogeneous environment both criteria
could come up with a similar optimum delay.
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Fig.5a Measured acceleration wave of a single shot.

Fig.6b Distance and PPV at measuring point No.5.

Fig.5b Calculated velocity wave of a single shot.

Fig.6a Distance and PPV at measuring point No.4.

Fig.7 Horizontal location of blasting No.10 and No.11.



3. Dynamic rock mass properties

3.1 Compressive wave velocity
Average wave propagation velocity of the limestone in

the quarry can be estimated using the difference in arrival
time of the vibration wave between the measuring points.
The average compressive wave velocity and its standard
deviation obtained from thirteen successful shots in blast-
ing No.5 to No.8 are 1896.8m/s and 145.9m/s, respective-
ly. Because it is very difficult to determine the true initia-
tion point of the wave signal if its amplitude is not large
enough, and consequently could cause error in estimation,
only those data of the blasts which were close enough to
the measuring points were analyzed. Also only those data
of the axis facing to the epicenter were used to exactly
identify the compressive wave.

3.2 Q value
Q value is an index for inelastic wave attenuation which

could be obtained by comparing the spectra of waves at
different measuring points. The smaller the Q value the
larger is the inelastic attenuation. The ratio of two spectra
R(X1,w) and R(X2,w) at different measuring points X1 and
X2 is expressed in following equation:

(1)

where w : angular frequency (rad/s)
X1, X2 : distances of X1, X2 from the epicenter (m)
V : compressive wave velocity (m/s)
Q : Q value

Converting equation 1 in terms of Q and frequency f (1/s),

we obtain:

(2)

Comparing the average spectra of six single shots in
blasting No.1, which was done in the nearest face and suf-
ficiently large signal could be measured at two measuring
points No.2 and No.5, for eight major frequency compo-
nents, eight Q values were obtained. The average and the
standard deviation of those eight Q values are 11.8 and
9.2, respectively. Even though the Q values vary widely,
the average value seems to be relatively reasonable com-
pared to the reference data of 40 for an intact limestone
core sample.

4. Numerical analysis
As it is widely recognized, the effective area of blast

vibration control based on the theory of superposition of
waves is limited to certain extent. From the aspect of a
damage prevention of particular structure, it is essential to
know the distribution of the PPVs around the target point.
Numerical analysis, using the two dimensional FEM code
of ANSYS, has been performed to evaluate the effective
area in which PPV is controlled within a certain level.

4.1 Two dimensional model of the stope
Vertical cross section including the measuring point No.5

and a blast hole in blasting No.11 was considered as a
model for the two dimensional analysis. The dimension of
the model is shown in Figs. 9a and 9b.
Horizontal pressure wave simulating the wave caused by
detonation was applied from the right hand side of the
model to a 1m long vertical boundary beneath the pit floor
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Fig.8a Relationship between distance and optimum delay 
at measuring point No.4.

Fig.8b Relationship between distance and optimum delay 
at measuring point No.5.

Fig.9a Overall dimension of the model.
Fig.9b Dimension of the stope area and the measuring 

point.

 

 



at the upper right corner of the model. The horizontal dis-
tance of the boundary from the epicenter, which is the bot-
tom part of the hole drilled from the bench down into the
pit floor, is 1m, a distance that is assumed far enough to
remain undamaged by detonation.

4.2 Parameters for the analysis
Young’s modulus: 3.7_103 (MPa)
Poison’s ratio: 0.13
Specific gravity: 2670 (kg/m3)
Attenuation parameter: 0.0006

Young’s modulus of the rock mass was decided to yield
an average compressive wave velocity in the model within
the range of 1,500m/s to 2,000m/s, under fixed Poisson’s
ratio and specific gravity of the Kawara limestone.
Inelastic attenuation parameter was set so that the calculat-
ed Q value from the attenuation of a simulated wave in the
model becomes ca. 10.

4.3 Pressure function
Pressure wave of a blast around the epicenter is generally

expressed in following function.

p(t) = P0 x { exp(- at) - exp(- bt)} (3)
where P0 : Maximum pressure (MPa)

x ,  a ,  b : Constants

Considering the detonation velocity of AN-FO and the
charge length, the pressure build up time was set to 4ms.
From the measured vibration waves, the duration of the
detonation pressure was estimated to be ca.100ms.
Consequently, following pressure function was used for
simulation.

p(t) = 3 {exp(-100t) - exp(-500t)}  (MPA) (4)

The relationship between the time and pressure applied to
the boundary according to the above function, representing
the detonation of explosives in the bore hole, is shown in
Fig. 10.

4.4 Verification of the parameters
To verify the determined parameters, a single shot in

blasting No.11 was simulated. The calculated horizontal
vibration velocity wave at measuring point No.5 is shown
in Fig. 11a. The corresponding horizontal vibration veloci-
ty wave calculated from the measured horizontal accelera-

tion wave of blasting No.11 at measuring point No.5, is
shown in Fig. 11b. By comparing both Figs. 11a and 11b,
we can conclude that the vibration wave is reproduced
with a satisfying accuracy.

4.5 Simulation of delay blasting
A two stage delay blasting was simulated using the

model. Even though the optimum delay for two stage
blasting, which minimizes the PPV at measuring point
No.5, calculated from the measured vibration wave was
16ms, 25ms delay blasting was simulated as 25ms is the
minimum delay of a standard MS-detonator.

Figure12 shows the applied pressure wave function for
25ms delay blasting simulation. Horizontal PPVs at sever-
al points on the floor of the stope were obtained, first for
single shot and then also for two stage delay blasting. The
relationship between the PPV and the horizontal location
in the stope is shown in Fig. 13. Those black dots in Fig.
13 are PPVs at the measuring point No.5. The horizontal
distance of the left hand side boundary of the stope from
the epicenter is 76m, and that of the right hand side bound-
ary is 29m. PPV in general is decreasing according to the
increase of the horizontal distance, but in those points
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Fig.10 Pressure function.

Fig.11a Simulated horizontal particle velocity wave.

Fig.11b In-situ horizontal particle velocity wave.

Fig.12 Pressure wave function for 25ms delay blasting.
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close to the left hand side boundary of the stope, it tends to
increase while the distance from the epicenter increases,
probably due to the influence of the boundary.

According to the simulation results, horizontal PPV of
the 25ms delay blasting at measuring point No.5 was
reduced to 71% of that of comparable single shot.
Distribution of the ratio of horizontal PPV between two
stage delay blasting and single shot, along the floor of the
stope, is shown in Fig.14. It is clearly seen that due to
proper delay, PPV has been efficiently reduced on the
floor of the stope within the range from 50m to 70m in
horizontal distance from the epicenter. Because scaling
tends to occur in particularly limited areas where rock con-
dition is apparently worse than surrounding rock mass,
vibration control by appropriate delay, targeting the center
of such area, could be effective.

5. Conclusion
The relationships between 20 PPVs of composite particle

velocity waves for three orthogonal directions and each
distance form the epicenter were obtained for two measur-
ing points. At one point, a gradual decrease in PPV
according to the increase of the distance from the epicenter
was observed, while at the other point, PPV did not corre-
late with distance due to unknown disturbance of the verti-
cal vibration waves.

PPVs based on different criteria, i.e. PPV minimization
and auto-correlation minimization, were compared and rel-
atively high correlation was observed at an undisturbed
measuring point.

Two dimensional FEM analysis, based on the data of the
in situ blast vibration measurements, was performed to
estimate the distribution of the PPVs around a target point.
In this case, a possibility is shown that the PPV could well
be controlled within approximately 20m range around the
target point.
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Fig.13 PPV distribution on the floor of the stope. Fig.14 Distribution of the horizontal PPV ratio.

†

†corresponding author: gento@geosys.t.u-tokyo.ac.jp


