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a b s t r a c t

Reduction of energy consumption in comminution is of significant importance in mining industry. To
reduce such energy consumption the energy efficiency in an individual operation such as blasting must
be increased. By using both new investigations and previous experimental results, this paper demon-
strates that (1) kinetic energy carried by moving fragments in rock fracture is notable and it increases
with an increasing loading rate; (2) this kinetic energy can be well used in secondary fragmentation in
crushing and blasting. Accordingly, part of the muck pile from previous blast should be left in front of
new (bench) face in either open pit or underground blasting. If so, when new blast occurs, the fragments
from the new blast will collide with the muck pile left from the previous blast, and the kinetic energy
carried by the moving fragments will be partly used in their secondary fragmentation.
� 2017 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The comminution of rocks consumes not only significant
amounts of energy but also large quantities of steel due to wear
of grinding media and machine liners. Comminution costs repre-
sent an important contribution, 30–50%, of total mining operation
costs [1]. Therefore, reduction of the energy consumption in com-
minution is of significant importance in mining industry. To reduce
such energy consumption, energy efficiency in comminution has to
be increased, since in rock drilling, blasting, crushing, and grinding,
the effective energy used in rock breakage is found to be quite
small in comparison with the total input energy. In crushing and
grinding, according to Prasher [2] the energy efficiency is of the
order of 3% at the maximum. Chi et al. [3] have pointed out that,
in fact, the energy introduced into comminution systems that actu-
ally results in the formation of a new fracture surface is usually less
than 1%. Even in rock drilling it is estimated that only 10% of the
input energy is used to fracture rock [4]. In rock blasting, energy
efficiency has been reported by many investigators including
Revnivtsev, Spathis, Ouchterlony et al. and Sanchidrian et al.
[5–8]. Considering that the heat of explosion is the energy available
in the blast, only 2–6% of it was used for fragmentation and 3–21%
consumed as kinetic energy, according to the production blasts
measured by Sanchidrian et al. [8]. In short, two conclusions can
be made: (i) the energy efficiency in each of the above-
mentioned operations such as drilling, blasting and grinding is very

low, and (ii) the energy efficiency in one operation is quite differ-
ent from that in other. For example, the efficiency in blasting is
much higher than that in grinding. These two conclusions reveal
two ways toward reducing the energy consumption [9]: (1) to
change energy distribution among different operations so as to
reduce total energy expenditure; (2) to increase energy efficiency
in each individual operation.

Regarding the first way, various studies have been performed
detailing how to improve rock fragmentation by decreasing
the total energy expenditure [10–18]. The main idea in these
studies is to enhance rock fracture in blasting so as to save
more energy in the down-stream operations such as crushing
and grinding.

Concerning the second way, different measures have been taken
to increase the energy efficiency in blasting. These measures
include: (1) to change stress or energy distribution by choosing a
proper explosive whose VOD (velocity of detonation) well matches
the sonic velocity of rock mass (e.g. [9]); (2) to achieve an effective
stress superposition from neighbouring holes by using an appro-
priate delay time between holes (e.g. [19–20]); (3) to increase
the amplitude of stress waves and to change the stress distribution
by placing two primers with same delay time at different positions
in a hole to obtain shock wave collision [21]; (4) to reduce or avoid
detonation energy wastage from the collars by proper stemming or
by correct primer placement [22]; and (5) to make the kinetic
energy of a flying fragment used to break it again. On the last mea-
sure, as early as in 1962, Bergstrom and Sollenberger [23] found
that during slow compression to single glass spheres, the frag-
ments of the spheres flew away and they could carry up to 45%
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of the input energy. This finding indicates that if the kinetic energy
carried by flying fragments can be utilized in further fragmenta-
tion, the energy efficiency in rock fragmentation will be largely
increased. Then in different experiments it was found that higher
loading rates were less efficient in rock fracture and fragmentation
[24–27]. These investigations imply that the kinetic energy during
rock fracture might be one of important reasons for the lower
energy efficiency under high loading rates. If this is the case, a
more important issue is how to increase the energy efficiency in
rock fragmentation such as mechanical crushing and fragmenta-
tion by blasting. A common phenomenon has been observed in
rock blasting: the first row in an open pit blast always produces
more boulders than subsequent rows, see Refs. [28–30]. Even in
small-scale laboratory experiments, it was found that the frag-
ments from the first row are coarser than those from the second
row [31]. In underground mining such as sublevel caving, an argu-
ment on how the production blasts should be performed immedi-
ately beneath hanging walls is still on-going. These questions need
a theoretical study on the effect of kinetic energy on rock fragmen-
tation, especially under dynamic loading conditions.

On the above background and by means of previous experimen-
tal results and new investigations, this paper will describe how
kinetic energy is carried by fragments in either mechanical
crushing or rock blasting, and discuss how to use this energy so
as to increase the energy efficiency in fragmentation as well as
comminution.

2. Experimental observations of secondary fragmentation

2.1. Kinetic energy in rock fracture

2.1.1. Energy partitioning in the SHPB system
Fracture of solids is a dynamic event, regardless of either static

or dynamic loading. For example, rock bursts might be induced not
only by dynamic loading but also by static loading [32–34]; during
the slow compression tests that can be considered as a static or
quasi-static loading condition, Bergstrom and Sollenberger [23]
observed flying fragments. In a general case, when rock fracture
occurs, various forms of energy are consumed. In rock blasting,
the energy partitioning has been investigated by Hinzen, Spathis,
Ouchterlony et al. and Sanchidrián et al. [6–8,35]. In order to illus-
trate energy partitioning easily, let us take the fracture of a rock
sample in a Split Hopkinson Pressure Bar (SHPB) system as an
example. The SHPB system is shown in Fig. 1. The impact bar
applies total energy into the system by striking the incident bar.
The energy applied to the incident bar is called incident energy
WI that consists of two equal parts: strain energy WIS and kinetic
energy WIK . The strain energy can be determined by measuring
the incident strain wave in the incident bar. Since WIS ¼ WIK in
elastic waves [9], the incident energy WI can be determined by
only measuring WIS, i.e.,

WI ¼ 2WIS ¼ 2
Z T

0

1
2
rIðtÞeIðtÞAcLdt ¼

Z T

0
EAcLe2I ðtÞdt ð1Þ

where E, A and cL are the Young’s modulus, cross-section area and
sound velocity of the incident bar, respectively. rIðtÞ and eIðtÞ are

the stress and strain at a certain point (section) of the incident
bar, respectively. T is the wave length in time. Similarly, the
reflected energy WR and transmitted energy WT can be determined.
The incident energy and reflected energy can be determined by the
strain waves measured from the strain gauges on the incident bar,
and the transmitted energy determined from the gauges on the
transmitted bar. The difference between WI �WR and WT is the
energy that is absorbed and consumed by the rock sample [25]. This
energy is expressed by WL in the following.

WL ¼ ðWI �WRÞ �WT ð2Þ
The energy WL consists of several parts, as follows:

(1) Surface fracture energy of the main crack that completely
separates the rock sample. In the case shown in Fig. 1, this
energy is used to separate the sample into two pieces.

(2) Internal cracking and damage energy of the fragments pro-
duced in the fracture process. The branching cracks (or bifur-
cation) shown in Fig. 2 are typical internal cracking and
damage. Such branching cracks increase with increasing
loading rates in the dynamic fracture tests [25].

(3) Kinetic energy carried by flying fragments that was
observed, for example, by Zhang et al. [36] during the
dynamic rock fracture.

(4) Rotation energy carried by rotating fragments.
(5) Heat energy consumed in heating rock, for example in the

tips of cracks.
(6) Electromagnetic radiation energy emitted during the frac-

ture of some rocks. For example, electromagnetic radiation
was found in rock bursts and earthquakes [37].

(7) Sound energy used in releasing sound.
(8) Other energies such as the energy consumed by friction. In

the SHPB system, the contact between the rock sample and
the bars consumes certain energy due to friction.

Note that in the above description, the energy analysis involves
a whole process starting at the beginning of the striker bar’s impact
and ending at the time when the impact is completed and both the
reflected wave and the transmitted one are completely recorded. In
other words, the reflected waves from both the left end of the inci-
dent bar and the right end of the transmitted bar are not consid-
ered in the analysis. Note also that the transmitted energy in the
SHPB system corresponds to the seismic or vibration energy as well
as some other forms of energy in rock engineering.

2.1.2. Kinetic energy measured during rock fracture in SHPB system
The measurements [25] show that the kinetic energy WKE

increases with the speed to of the striker bar, and the relation
between the ratio WKE=WL and the to is

WKE=WL ¼ ð0:69t0 þ 0:22Þ=100 ð3Þ
This equation indicates that the ratioWKE=WL increases with to.

As the impact speed to is 9.6 m/s (measured in the test), the result
is WKE=WL ¼ 7%. It is assumed that Eq. (3) is valid when
to P 10 m/s, then the result becomes WKE=WL ¼ 14% and 28% if
to = 20 m/s and 40 m/s, respectively. Note that in the SHPB system,
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Fig. 1. Energy partitioning in SHPB system.

238 Z.X. Zhang / International Journal of Mining Science and Technology 27 (2017) 237–244



Download English Version:

https://daneshyari.com/en/article/4921768

Download Persian Version:

https://daneshyari.com/article/4921768

Daneshyari.com

https://daneshyari.com/en/article/4921768
https://daneshyari.com/article/4921768
https://daneshyari.com

