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a b s t r a c t

In this study, the applicability of the modified Holmberg–Persson approach for a tunnel blast design was
investigated. For this purpose, firstly, a detailed description of the modified Holmberg–Persson approach
was made. After that, data collection program for the statistical analysis of the ground vibration param-
eters induced by the tunnel blasting was presented and then the determination of the critical peak par-
ticle velocity level associated with the rock damage was described. Finally, site-specific limiting peak
particle velocity values obtained by measuring the overbreak after blasting were given. The results of
the field investigations were discussed and a new equation to calculate the crushed zone radius was
derived. The studies have shown that Holmberg–Persson approach which was originally suggested for
perimeter control design technique, can also be applied for a full blasting round to select the proper
explosive-hole combinations.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Drilling and blasting application is generally inevitable for rock
excavation activities in mining, quarrying and civil construction
works. Therefore, the use of explosives is probably the most widely
used means of crushing rock, as well as the most cost-effective rock
excavation method in mining and construction operations. Predict-
ing and limiting the blast induced damage zones are very impor-
tant for the long term stability of underground openings which
are excavated by drilling and blasting method. Perimeter control
blasting techniques are commonly used in civil construction pro-
jects to overcome difficulties arising from drilling and blasting
operations. In mining applications, however, these techniques are
not so commonly used. Therefore, in underground mine galleries,
poorly designed blasting operations may result in overbreak and
unwanted structural damages.

In the late 1970s, Holmberg and Persson (H–P) introduced a
perimeter control design technique based on the peak particle
velocity (PPV) generated by the detonation of a charge
(Holmberg and Persson, 1978, 1979). H–P approach gained quite
wide acceptance due to the logical basis and the relative ease of
the application. This method provides a unique practical method-

ology for blasting engineering applications which include the
development of site specific indices for damage prediction and
damage control. However, an error in the mathematics behind
the H–P approach was discovered by Hustrulid and Lu (2002).
Iverson et al. (2008) later introduced a modification in the H–P cal-
culation procedure so as to mitigating the problem, at least
partially.

H–P approach is one of the most widely used engineering meth-
ods to model the site specific attenuation of the blast waves in the
rock mass. The main purpose of this study is to show the applica-
bility of the modified H–P approach for a tunnel blast design. Even
though this approach is a perimeter control design technique, it
was used to design the whole blasting round in this work. In that
regard, a limiting PPV value was obtained using the relationship
between peak particle velocity, linear charge concentration, dis-
tance from the charge and the observed extent of damage, and then
it was applied to the design curves for different linear charge con-
centrations to select explosive-hole combinations.

2. Description of the modified Holmberg–Persson approach

Since seismic waves decay with distance in a fairly regular man-
ner, they are predictable with the acceptable accuracy (Nateghi,
2011). The H–P approach is based on the fact that rock damage
due to blasting being related to the peak particle velocity associ-
ated with the blast produced seismic waves (Holmberg and
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Persson, 1978). The seismic wave energy associated with the blast
induced ground vibration decreases with distances due to decay of
both the amplitude and the frequency of vibration. The ground
vibration recorded at a certain location depends principally on
the amount of explosive charge per delay, the distance between
source and measurement points and the elastic properties of the
transmitting medium (Tripathy and Gupta, 2002). Many authors
used the scaled distance concept to estimate peak particle velocity
of the ground vibration (Duvall and Petkof, 1959; Langefors and
Kihlstrom, 1963; Ambraseys and Hendron, 1968). The scaled dis-
tance is a normalized factor that combines the distance with the
explosives energy to give a single number which can be used for
further calculations. Holmberg and Persson (1978) does not take
a particular charge symmetry into consideration to predict peak
particle velocity and uses the following general equation:

PPV ¼ K �Wa=Rb ð1Þ

where PPV is peak particle velocity (mm/s), W is the maximum
charge per delay (kg), R is the distance between blast location and
vibration monitoring point (m), and K, a, b are site specific con-
stants which can be determined by multiple regression analysis.
The term K reflects the source energy and the coupling efficiency
of the explosive to the blasthole wall. Higher values of K indicates
high energy and well coupled explosives. The term b represents
the loss of vibrational energy with distance. Higher values of b rep-
resents less competent rock mass which attenuates vibrational
energy more quickly while lower values represents a competent
rock mass with little fracture which transmits the vibrational
energy with little attenuation (Scott, 2009).

The Eq. (1) above is based upon the assumption that the deto-
nation occurs at a single point and hence it is only valid when
the distance R is large compared to the length of the charge. When
the point under consideration is close to a long charge, like the case
in the tunnel blasting, the peak particle velocity must be obtained
by integration over the charge length (Hoek and Brown, 1980).
Holmberg and Persson (1978) divided the long charge into a num-
ber (n) of small elemental charges of equal length DL. Assuming
that the charge concentration per unit length is q, the charge
weight for each element can be expressed as:

DW ¼ qDL ð2Þ

where DW is the charge weight of each elemental charge, DL is the
length of each elemental charge and q is the charge concentration
per unit length. Consequently, the peak particle velocity at a given
observation point due to the arrival of a particular elemental charge
denoted by the subscript i may be expressed by the following
equation:

DPPVi ¼ KðDWÞa=Rb
i ¼ KðqDLÞa=Rb

i ð3Þ

Assumed problem geometry to simplify the discussion is shown
in Fig. 1. As can be seen, the charge lies along the z axis with the r
axis passing through the mid-point of the charge. The total PPV due

to the arrival of the seismic waves from the different elemental
charges is to be determined at an observation point (r0–z0) located
along the r axis. Since the waves from the elemental charges travel
different distances to reach the observation point, their amplitudes
will be distance dependent. Also, in general, the arrival times and
wave orientation will vary depending on the velocity of detonation
of the explosive and the wave velocity through the rock mass.
Holmberg and Persson assumed that the entire charge detonates
instantaneously, the amplitudes are simply summed without con-
sidering arrival direction and PPV is proportional to the dynamic
strain experienced by the rock mass. It was also assumed in this
approach that the peak particle velocity due to each small element
of charge within the blast hole is numerically additive. Besides, the
effect of free face boundaries and the velocity of detonation of the
explosive charge have been neglected for practical purposes
(Holmberg and Persson, 1978, 1979). This simplifies the situation
considerably and the resulting PPV is obtained by summing the
contributions from the different elemental charges:

PPV ¼
Xn

1

DPPVi ¼ Kqa
Xn

1

DLaRb
i ð4Þ

The above assumptions allowed the derivation of a simple non-
linear relationship to describe the peak particle velocity attenua-
tion in the near field. Under these conditions Holmberg and
Persson replaced the summation by the following integral
expression:

PPV ¼ K q
Z zf

zi

dz

ðr0Þ2 þ ðz� z0Þ2
h ib=2a

2
64

3
75

a

ð5Þ

However Hustrulid and Lu (2002) pointed out that the step
from PPV which was expressed as a summation in Eq. (4) to PPV
which was expressed by the integral in Eq. (5) is not correct. The
exponent a was moved from inside the summation sign to outside
of the integral sign. This error can be corrected by simply reverting
back to Eq. (4). Since DL is the same for all of the elemental charges
at the summation expression, this term can be removed from
under the summation sign to yield (Iverson et al., 2008; Tesarik
and Hustrulid, 2009):

PPV ¼
Xn

1

DPPVi ¼ KqaDLa
Xn

1

1=Rb
i ð6Þ

It is clearly seen in Eq. (6) that the PPV depends on the length of
the elemental charge raised to the power a. Only for the very spe-
cial case, a = 1, the equation is stable. For the case a > 1, the PPV
decreases to zero as the elemental length decreases. For the case
of a < 1, the PPV increases to infinity as the elemental length
decreases. Thus, this procedure cannot be followed. NIOSH (The
National Institute for Occupational Safety and Health) has revisited
the basic concepts that Holmberg–Persson approach involved and
correct the mathematical problems. The new solution involves
determining the average travel distance to the observation position
for all of the elemental charges. In this approach, the PPV is given
by Iverson et al. (2008):

PPV ¼ KWa=�Rb ¼ KðqLÞa=�Rb ð7Þ

where �R is the average travel distance. According to Martin (2007)
the average travel distance can be defined by the following indefi-
nite integral expression (Iverson et al., 2008):

�R ¼ 1
zf � zi

Z zf

zi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðz� z0Þ2 þ ðr � r0Þ2

q
dz ð8Þ

The value of the indefinite integral may be written as (Weast,
(1983), from Iverson et al. (2008):Fig. 1. Schematic representation of the simplified charge geometry.
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