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Modelling the size of the crushed zone around a blasthole

S. Esena,*, I. Onederraa, H.A. Bilginb

aJulius Kruttschnitt Mineral Research Centre, The University of Queensland, Brisbane, Qld, Australia
bDepartment of Mining Engineering, Middle East Technical University, Ankara, Turkey

Accepted 11 February 2003

Abstract

A new model to predict the extent of crushing around a blasthole is presented. The model is based on the back-analysis of a

comprehensive experimental program that included the direct measurement of the zone of crushing from 92 blasting tests on

concrete blocks using two commercial explosives. The concrete blocks varied from low, medium to high strength and measured

1.5m in length, 1.0m in width and 1.1m in height. A dimensionless parameter called the crushing zone index (CZI) is introduced.

This index measures the crushing potential of a charged blasthole and is a function of the borehole pressure, the unconfined

compressive strength of the rock material, dynamic Young’s modulus and Poisson’s ratio. It is shown that the radius of crushing is a

function of the CZI and the blasthole radius. A good correlation between the new model and measured results was obtained.

A number of previously proposed models could not approximate the conditions measured in the experimental work and there are

noted discrepancies between the different approaches reviewed, particularly for smaller diameter holes and low strength rock

conditions. The new model has been verified with full scale tests reported in the literature. Results from this validation and model

evaluations show its applicability to production blasting.

r 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

For a number of years, both researchers and
practising engineers have been aware of the importance
of being able to tailor blast fragmentation to optimise
the overall mineral extraction and recovery cycle. It is
widely acknowledged that in production blasting a
significant proportion of the fine material present in a
muckpile originates from the zone of crushing produced
during blasting. Predicting the extent of the crushing
zone is important to practitioners interested in the
modelling of the complete size distribution of fragments
in blasting.
Fines can have a negative or positive impact on the

efficiency of downstream processes. For example, the
generation of excessive fines in operations adopting
leaching as their main ore processing method, may
hinder recovery as certain fines tend to affect the
permeability of leaching pads. Leaching performance

may be affected if the proportion of material that is less
than 150 mm exceeds 12 percent in the feed to the
agglomerators [1]. Similarly, the efficiency of coal
processing is strongly related to the generation of fines
of less than 0.5mm. Increased fines content in run of
mine (ROM) feed leads to higher handling and
processing costs, low yields, increased product moisture
content, and in many cases a reduced product value [2].
There is also evidence (e.g. [3]) to suggest that by
providing an appropriate size distribution to crushing
and grinding circuits, a measurable increased through-
put and/or reduced power draw can be obtained. This
may entail a requirement to increase the proportion of
finer material in production blasting.
The need to be able to predict the amount of fines

from blasting has driven the development of this new
engineering model. The model developed in this study is
based on a comprehensive experimental program con-
ducted between 1996 and 1999 as part of a collaborative
research project between the Middle East Technical
University and the BARUTSAN explosives company in
Ankara, Turkey [4]. One of the principal aims of this
research project was to investigate the influence of the
explosive, rock and blast design parameters on the
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efficiency of blasting. Tests were not limited to measur-
ing the extent of crushing but also included measure-
ments of breakage angle, breakage width, size
distribution, throw, back-break, face velocity, minimum
response time and peak particle velocity. In this study,
the data set consisted of 92 model scale blasting tests. It
is aimed to model the size of the crushed zone around a
blasthole using this data set.
Model scale blasting experiments using synthetic

materials (e.g. Plexiglass, Homolite 100, Epon 815
epoxy and concrete) have been used to understand the
mechanisms of rock breakage by explosives and have
provided very useful insights into the blasting process.
This includes work conducted by Rustan and Vutukuri
[5], Dick et al. [6], Fourney [7], Aimone-Martin et al. [8]
and Raina et al. [9]. Studies by Dick et al. [6] and
Stimpson [10] suggest that cement-based materials such
as concrete can be used to simulate rocks. Applications
largely arise from the cheapness, ease of fabrication and
reproducibility of samples [10].
This paper gives a brief review of a selection of models

discussed in the literature and describes the experimental
program, the development of the new model and makes
a comparison of the proposed approach with existing
models.

2. A brief review of existing models

After detonation of the explosive, the whole blasthole
is filled with gaseous detonation products at very high
pressure and temperature. This pressure is exerted
immediately on the wall of the blasthole, generating
radial compressive stress, which is so much higher than
the strength of the rock that a thin zone (Fig. 1) is
formed around the blasthole in which the rock has
yielded and been extensively broken or crushed by
granular cracking, microcracking, differential compres-
sion of the particles and matrix of the rock and other
forms of plastic deformation [11].

Several models have been proposed for the estimation
of the extent of crushing around a blasthole e.g.
Il’yushin [12] and Vovk et al. [13] (documented by
Hustrulid [14]), Szuladzinski [15], Djordjevic [16] and
Kanchibotla et al. [17]. These approaches resolve
explosive performance assuming ideal detonation and
estimate the extent of the crushing zone using semi-
empirical formulae. A brief description of each of these
models is given in this section.

2.1. Il’yushin [12] and Vovk et al. [13]

The behaviour of the rock in the zone of fine
crushing is described by Il’yushin [12] by assuming the
model of an isotropic, incompressible granular medium
with cohesion. In this case, the crushing zone radius,
rc (mm) is given by

rc ¼ ro
Pb

�ðk=f Þ þ ½sc þ ðk=f Þ�L2f =ð1þf Þ

� �1=2g ffiffiffiffi
L

p
;

L ¼
E=ð1þ uÞ

sc½1þ ln sc=T �
; ð1Þ

where ro is the borehole radius (mm), Pb is the borehole
pressure (Pa), g is the explosive’s adiabatic expansion
constant, k is the cohesion (Pa), f is the coefficient of
internal friction, sc is the unconfined compressive
strength (Pa), T is the tensile strength (Pa), E is the
Young’s modulus (Pa) and n is the Poisson’s ratio.
Borehole pressure is calculated by Eq. (A.3) in Appen-
dix A.
The literature suggests that this model was limited to

cases where the main mode of failure is compression and
was mainly validated in high strength rock conditions.
The equations were applied to talc-chlorite and lime-
stone and it was noted by Vovk et al. [13] that they
appeared to overestimate the extent of crushing.

2.2. Szuladzinski [15]

Szuladzinski [15] models the crushing and cracking in
the proximity of a blasthole from transient dynamic
analysis. The rock is modelled as an elastic body with an
implied crushing capability and a definite cracking
strength. The relationship proposed to estimate the
radius of crushing, rc (mm) is

rc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2r2oroQef

F 0
c

s
; ð2Þ

where ro is the borehole radius (mm), ro is the explosive
density (g/mm3), Qef is the effective energy of the
explosive (Nmm/g) assumed to be 2/3 of the heat of
complete reaction (Nmm/g), and F 0

c is the confined
dynamic compressive strength of the rock material
(MPa). F 0

c is assumed to be approximately eight times

Fig. 1. Schematic illustration of processes occurring in the rock

around a blasthole, showing formation of crushing zone, fracture

zone and fragment formation zone [11].
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the value of unconfined static compressive strength,
sc (MPa).

2.3. Djordjevic [16]

This model is based on the Griffith failure criterion.
The radius of crushing, rc (mm) is given by

rc ¼
roffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

24T=Pb

p ; ð3Þ

where ro is the radius of the blasthole (mm), T is the
tensile strength of the rock material (Pa) and Pb is the
borehole pressure (Pa). Borehole pressure is calculated
by Eq. (A.3) in Appendix A.

2.4. Kanchibotla et al. [17]

This model estimates the radius of crushing as a
function of the borehole radius, the detonation pressure
and the unconfined compressive strength and it is given
by the following relationship:

rc ¼ ro

ffiffiffiffiffiffi
Pd

sc

r
; ð4Þ

where ro is the borehole radius (mm), Pd is the
detonation pressure (Pa) and sc is the unconfined
compressive strength of the rock (Pa). Detonation
pressure is calculated by Eq. (A.2) in Appendix A.
A review on the application of this particular model

suggests that the approach was not intended to give
accurate predictions of the actual extent of crushing but
was used instead as an empirical tool to determine a
volume of fine material contributing to the run of mine
blast fragmentation as discussed by Kanchibotla et al.
[17] and Kojovic et al. [18].
In general, the accuracy of those models that calculate

detonation or borehole pressure as input parameters can
be questioned on the basis of their inherent assumption
of ideal detonation behaviour. On the other hand,
approaches which adopt assumed values of dynamic
rock material properties derived from static values may
also be affected by the lack of data supporting these
relationships. Validation is also an issue that should be
highlighted, as in the majority of cases, the radius of
crushing cannot be directly measured and very few case
studies appear to support model predictions.
The proposed new model is based on a comprehensive

experimental program which allowed for the direct
measurement of the radius of crushing in model scale
blasting tests. In addition, the new approach is able to
approximate real detonation behaviour using non-ideal
detonation modelling, enabling the prediction of bore-
hole pressure as a function of explosive and rock
properties and blasthole diameter. A more detailed
discussion of this methodology is given in Appendix A.

3. Experimental work

3.1. Sample preparation

As shown in Fig. 2, concrete blocks were rectangular
in shape and measured 1.5m in length, 1.0m in width
and 1.1m in height.
Three concrete mix designs were prepared to obtain

low, medium and high strength concrete types. Table 1
summarises the components used in 1 m3 of concrete for
each mixture. Sica FF was used in order to increase the
workability of high strength concrete. Mix designs were
adjusted after determining the moisture content of the
aggregates.
Specially prepared mixes were poured into a steel

mould arrangement which included a greased cylindrical
steel pipe of a specified diameter. The steel pipe was
placed at the centre of the mould and fixed at the desired
burden distance from the front side of the mould and
later removed to create the blasthole. All concrete
blocks were left to cure for at least 28 days before
testing.
Cylindrical concrete samples of 15	 30 cm in size

were tested to obtain physical and mechanical proper-
ties, including unit weight, unconfined compressive
strength, splitting tensile strength, P and S-wave
velocity, all in accordance with ASTM Standards [19].
In addition, non-destructive tests such as Rebound

Fig. 2. Concrete block samples [4].

Table 1

Material quantity for 1m3 of concrete [4]

Material Amount (kg)

Low strength

concrete

Medium strength

concrete

High strength

concrete

Cement 200 425 500

Water 126 192 95

0/3mm aggregate 1393 807 897

5/15mm aggregate 587 859 956

Sica FF — — 10
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Hardness and Ultrasonic Pulse Velocity were carried
out. A summary of the range of measured physical and
mechanical properties is given in Table 2.

3.2. Explosive properties

Properties of the commercial explosives used in the
experimental work are summarised in Table 3.
Because charge lengths were small in these particular

tests, the confined velocity of detonation (VOD) was not
measured directly. However, independent unconfined
and confined VOD tests were conducted for all the
commercial explosives (dynamites and ANFO type
explosives) used in the research project. These measure-
ments were used to determine the confined VOD for
each test by adopting the following relationship devel-
oped by Esen [20]:

Dconfined ¼ aqb
nD

j
unconfined

Ed

1þ nd

� �o

; ð5Þ

where a; b; j and o are constants; Dconfined is the
confined VOD (m/s); qn is the heat of reaction for non-
ideal detonation (MJ/kg); Dunconfined is the unconfined
VOD of an explosive at a given charge diameter (m/s);
Ed is the dynamic Young’s modulus (GPa) and nd is the
dynamic Poisson’s ratio.

3.3. Test parameters and data collection procedures

During the tests, factors such as confinement,
explosive type, specific charge, burden distance, blast-
hole diameter and decoupling ratio were varied one at a
time. A summary of the range of parameters used in the
experimental work is given in Table 4.
Each test blast was instrumented with a triaxial

arrangement of high frequency geophones and mon-
itored with the use of a high-speed video camera. After
each test, the extent of crushing, breakage angle,
breakage width, the overall fragment size distribution,
throw, back-break, face velocity, minimum response
time and peak particle velocity were measured.

4. Data analysis and model development

As indicated earlier, several post-blast results were
documented and analysed from the research project
conducted in Ankara, Turkey [4]. This paper focuses on
the development of a model to predict the radius of
crushing for a given charge configuration and geotech-
nical condition. The objective of the work was also to
produce a model that would include rock material and
explosive input parameters that could be easily obtain-
able and are generally available in mining operations.
This would ensure the applicability of the model in
production blasting applications.
As discussed by Whittaker et al. [11], the compressive

strength and stiffness characteristics of the rock material
play a major role in the development of the zone of
crushing or zone of plastic deformation. As the process
of crushing is dynamic, a crushing zone model should
include dynamic rock material properties. However,
many of these dynamic properties cannot be directly
measured and are not readily available, resulting in the
use of assumed multipliers. For example, Szuladzinski
[15] assumes the dynamic confined compressive strength
to be 8 times the value of unconfined compressive
strength. Mohanty and Prasad [21] give an insight into
the dynamic strength characteristics of rock materials at
strain rates similar to those experienced during blasting.
Using the Split Hopkinson Bar they suggest that the
ratio of the unconfined dynamic strength to static values
of unconfined compressive strength ranged between 2.5
and 4.6 for 12 rock types.

Table 2

Physical and mechanical properties of concretes [4]

Concrete R sc (MPa) T (MPa) r (kg/m3) VP (m/s) VS (m/s) Ed (GPa) nd

Low strength concrete Min 15.9 6.7 0.3 2255 3372 1871 20.2 0.278

Max 25.1 10.5 0.8 2271 3752 2064 24.8 0.283

Medium strength concrete Min 29.6 16.3 1.2 2286 3935 2157 27.3 0.285

Max 44.7 24.6 2.9 2379 4553 2471 37.5 0.291

High strength concrete Min 39.5 42.1 2.2 2340 4341 2363 33.7 0.290

Max 52.9 56.5 4.3 2456 4891 2642 44.4 0.294

R: Hammer rebound; sc: Uniaxial compressive strength; T: Splitting tensile strength; r: Density; VP: P-wave velocity; VS: S-wave velocity;

Ed: Dynamic Young’s modulus; nd: Poisson’s ratio.

Table 3

Properties of explosives [4]

Gelatin

dynamite

Elbar 1

dynamite

Density (g/cm3) 1.5 1.0

Heat of reaction (MJ/kg) 4.70 3.76

Ideal VOD (m/s) 7527 5070

Ideal detonation pressure (GPa) 23.71 8.29

Unconfined VOD of 16mm charge (m/s) 1278 1081
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As indicated earlier, the approach adopted in this
study was to include both static and dynamic properties
that are readily available. Hence, the extent or radius of
crushing denoted as rc shown in Fig. 3 was assumed to
be a function of explosive type, material properties and
borehole diameter.
As shown by Fig. 3, ro is the original borehole radius

(mm), Pb is the borehole pressure (Pa) calculated using
non-ideal detonation theory, K is the rock stiffness (Pa)
and sc is the uniaxial compressive strength (Pa). Rock
stiffness K is defined assuming that the material within
the crushing zone is homogeneous and isotropic and is
given by

K ¼
Ed

1þ ud
; ð6Þ

where Ed is the dynamic Young’s modulus and nd is the
dynamic Poisson’s ratio. If the dynamic Young’s
modulus Ed is not available, it may be estimated from
knowledge of the static value by the following relation-
ship [22]:

log10 Est ¼ 0:02þ 0:77 log10ðgEdÞ; ð7Þ

where Est is the static Young’s modulus (GPa) and g is
the density (g/cm3).
Crushing takes place under a triaxial state of

compression. In this study, uniaxial compressive
strength is taken into account because it is easily
obtainable and generally available at most mining and
quarrying operations.
Borehole pressure is computed from the non-ideal

detonation model developed by Esen [20], which is
briefly discussed in Appendix A.
Given the above measurements and calculations and

by applying dimensional analysis, two dimensionless

indices (p1 and p2) were derived:

p1 ¼
ro

rc
ð8Þ

and

p2 ¼
ðPbÞ

3

ðKÞ 	 s2c
or crushing zone index ðCZIÞ; ð9Þ

where as noted earlier, rc is the crushing zone radius
(mm), ro is the borehole radius (mm), Pb is the borehole
pressure (Pa), K is the rock stiffness (Pa) and sc is the
uniaxial compressive strength (Pa).
The relationship between the two indices given above

is shown in Fig. 4. The function obtained by non-linear

Table 4

Blast design parameters for fully coupled and decoupled model scale tests

Parameter Fully coupled tests Decoupled tests

Explosive Gelatin dynamite, Elbar 1 dynamite Elbar 1 dynamite

Decoupling ratioa 1 1.25, 1.50, 1.75, 2.00

Blasthole diameter (mm) 16–20 20, 24, 28, 32

Burden (cm) 22.7–46.2 18.2–31.3

Hole depth (cm) 40.4–45.4 39.8–45.0

Specific charge (kg/m3) 0.110–0.250 0.150–0.175

Explosive amount (g) 8.0–22.8 7.8–16.1

Stemming material 1.18–3mm aggregate 1.18–3mm aggregate

Stemming length (cm) 26.5–40.3 21.0–39.6

Stemming length/burden 0.67–1.47 0.69–2.18

Burden/blasthole diameter 14.2–28.9 6.5–15.4

Initiation system Electric detonator Electric detonator

Confined VODb (m/s) 1901–2600 —

Borehole pressureb (GPa) 1.002–1.469 0.470–0.940

aDecoupling ratio=borehole diameter/charge diameter where charge diameter is 16mm for decoupled blast tests.
bDetonation velocity and borehole pressure are computed by the non-ideal detonation model developed by Esen [20].

rc

ro

rc = f (ro ,Pb, K, �c) 

Fig. 3. Parameters influencing the extent of crushing.
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regression is given by

ro

rc
¼ 1:231ðCZIÞ�0:219 ð10Þ

or

rc ¼ 0:812roðCZIÞ0:219; ð11Þ

where CZI is defined as the crushing zone index. This is
a dimensionless index that identifies the crushing
potential of a charged blasthole. The correlation
coefficient of the relationship given by Eq. (10) is R2 ¼
0:83: The CZI appears to capture the dynamic process
taking place in the crushing zone by taking into account
both explosive (borehole pressure) and rock properties
(uniaxial compressive strength and stiffness) as well as
borehole radius.
Because it is physically impossible for the ratio

between ro and rc to be greater than 1, the relationship
(Eq. (10)) is constrained to 1 for very small values of
CZI, in this case for values of CZI of less than 2.6.
These small values of CZI will generally correspond to
small borehole pressures (i.e. decoupled charges and/or
very high strength rock/low energetic explosive couple).
The 92 data points shown in Fig. 4 clearly cover a wide
range of conditions for which ratios of ro=rc can be
obtained.

5. Comparison of the new approach with existing models

In this section, the proposed approach is compared
with predictions given by the models reviewed in
Section 2. A comparison is conducted using experi-
mental data from the model scale blasting experiments.
In addition, a comparison is made between the models
for several geotechnical conditions and blasthole dia-
meters found in full scale blasting environments.

5.1. Comparison of models against experimental data

from model scale tests

Fig. 5 shows a comparison of plots of the measured
size of the crushing zone against predicted values for all
the models considered. The new model developed in this
study predicts the size of the crushing zone with
reasonable accuracy. However, the other models could
not approximate the conditions in the experimental
work. Szuladzinski’s [15] predictions are closer to the
new model than the approaches proposed by Il’yushin
[12] and Vovk et al. [13], Djordjevic [16] and Kanchi-
botla et al. [17]. One of the possible reasons is that these
models assume ideal detonation which is not valid for
the model scale tests. Explosives show a more pro-
nounced non-ideal detonation behaviour under these
conditions.

5.2. Relative comparison of models in full scale blasting

conditions

As a way of comparing the predictive capabilities of
the models under full scale blasting conditions, a
number of simulations were carried out for the
geotechnical conditions summarised in Table 5. The
analysis included two different explosive types, namely
ANFO and water resistant ANFO denoted as WR
ANFO and a range of blasthole diameters (51–229mm).
The results are summarised in Table 6.
In general, all the models follow the expected trends;

for example, for a specific material property and
explosive type, as the blasthole diameter increases the
crushing zone radius increases. Similarly, the models
show that an explosive with the capacity to generate
higher borehole pressures has the potential to increase
crushing for the same blasthole diameter and material
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Fig. 4. Relationship between CZI and ro=rc for 92 model scale test blasts.
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property. There are notable discrepancies between the
different models, as shown in Table 6. This is more
pronounced in small diameter blastholes and low
strength rock types.
The new model shows that the ratio between the

crushing zone radius and the borehole radius (rc=ro) is a
function of explosive, rock properties and blasthole
diameter. For the simulations listed in Table 6, the range
of rc=ro is between 1.3 and 6.6. Hustrulid [14] has
indicated that the assessments of the size of the crushing
zone are conflicting. However, he suggests that most
investigators hold the view that the rc=ro ratio does not
exceed 3–5 borehole radii, which is in agreement with
the ranges predicted in the simulation results shown in
Table 6.
Under these simulated conditions (Table 6), the

analysis shows that Szuladzinski’s [15] and Djordjevic’s
[16] estimations are closer to the new approach than
the models proposed by Il’yushin [12] and Vovk et al.
[13] and Kanchibotla et al. [17]. As discussed earlier,
it is fair to note that those models that adopt a measure
of borehole pressure and assume ideal detonation
for its calculation may overestimate the radius of
crushing. The new approach considers the effect of
the non-ideal behaviour of commercial explosives in

the calculation of borehole pressure as discussed in
Appendix A.

6. Verification of the applicability of the model to full

scale blasting

The radius of crushing cannot be directly measured in
a full scale production environment because the rock is
fragmented and displaced after the detonation of the
explosive charge. In order to validate and verify the
applicability of a model to predict the extent of crushing
around a blasthole, single hole blast experiments must
be specifically designed. These particular tests rely on
the willingness of operations to disrupt normal produc-
tion activities at a very high cost. Because of these issues
and due to resource constraints, the authors were unable
to implement such tests. Nevertheless, full scale tests
reported by Olsson and Bergqvist [23] and Slaughter [24]
have been used to verify model predictions and its
applicability to full scale blasting.
The tests conducted by Olsson and Bergqvist [23] were

used to verify the capability of the model to predict the
size of the crushed zone from decoupled charges in
granite. In this case study, a 64mm diameter hole was

0

50

100

150

200

250

300

350

400

450

500

0 5 10 15 20 25 30 35 40 45 50

Measured crushing zone radius (mm)

P
re

di
ct

ed
 c

ru
sh

in
g 

zo
ne

 r
ad

iu
s 

(m
m

)

New model Szuladzinski [15] Kanchibotla et al. [17]
Djordjevic [16] Il'yushiet al. [13]n [12] and Vovk Perfect fit

Fig. 5. Comparison of all models in reduced scale blasting experiments.

Table 5

Physical and mechanical properties of rock types used in the simulations [4]

Rock sc (MPa) T (MPa) r (kg/m3) Ed (GPa) nd

Clayey-limestone 24.2 3.3 2256 23.5 0.243

Basalt 114.0 14.2 3000 95.8 0.298
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charged with a 22mm diameter packaged explosive
charge (Gurit). Very short cracks around the borehole
and a negligible crushing zone were observed.
The newly proposed model calculates the ratio of

crushing zone radius to borehole radius to be 1.0; that is,
almost no crushing takes place. Thus, the results from
the new model and blasting tests conducted in granite
are in good agreement. However, the methods of
Il’yushin [12] and Vovk et al. [13], Djordjevic [16] and
Kanchibotla et al. [17] predict a crushing zone radius of
62, 33 and 122mm, respectively. Djordjevic’s [16] model
is the only other method that appears to effectively
consider the effect of decoupling. Szuladzinski’s [15]
approach does not take into account the decoupling
effect. For this particular comparison, all models
adopted the Nie [25] adjustment of borehole pressure
for horizontal decoupling (see Appendix A).
Slaughter [24] conducted a program of field investiga-

tions in the area of coal fines generation. The size of the
crushed zone was measured in blasts where ANFO and
blend type explosives were detonated in coal at the Coal
and Allied’s Hunter Valley Mine. Direct measurements
were taken by digging a trench after each test hole. The
blasthole diameter used was 160mm. Average coal
properties used in the modelling are a uniaxial
compressive strength of 20MPa [24] and an assumed
stiffness of 6.65GPa. Table 7 shows the comparison of
the measured and predicted radii of crushing.
Although the newly proposed model underestimates

the size of the crushed zone resulting from the
detonation of the ANFO charge, it appears to predict
the radius of crushing well for the emulsion charges.
These discrepancies may be due to the modelled
explosive behaviour and assumed rock properties
(stiffness). Nevertheless, the model captures the relative
trends and shows that the use of a higher energetic
explosive charge (Emulsion) can result in a much larger
crushed zone than with lower energetic explosive
(ANFO). If the blastholes are dry, it would therefore
be appropriate to select ANFO in order to reduce the
amount of coal fines resulting from the crushing zone.

7. Conclusions

A new engineering model to predict the extent of
crushing around a blasthole has been presented. The
strength of this model lies in the comprehensive
experimental program conducted, which allowed the
direct measurement of the extent of crushing for a wide
range of conditions in concrete blocks. A total of 92
test blasts were analysed and used in its development.
A good correlation between model and measured results
was observed.
The new model shows that the ratio between the

crushing zone radius and borehole radius (rc=ro) is aT
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function of explosive type, rock properties and blasthole
diameter.
In general, the model follows the expected trends; for

example, for a specific rock environment and explosive
type, as the blasthole diameter increases the crushing
zone radius increases. Similarly, the model shows that
an explosive with the capacity to generate higher
borehole pressures has the potential to increase crushing
for the same blasthole diameter and rock environment.
A number of previously proposed models could not

approximate the conditions measured in the experimen-
tal work and there are noted discrepancies between the
different reviewed approaches, particularly in smaller
diameter holes and low strength rock conditions.
The new model has been verified with full scale tests

reported in the literature. Results from this validation
and model evaluations show its applicability to produc-
tion blasting.
The proposed approach can be directly applied as an

engineering tool to estimate the amount of fines
generated during production blasting in both surface
and underground operations. For example, the radius of
crushing may be used to define a volume of crushed rock
around individual blastholes.
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Appendix A. Determination of borehole pressure

Borehole pressure describes the expansion work of the
explosive during the rock breakage process. This data
directly indicates the transfer of the explosive energy
into the rock and hence is a direct measure of the
efficiency of the explosives. Therefore, it is the most
important information in an evaluation of the explosive
performance and the prediction of blasting results.

Despite the importance of this parameter, direct
measurements of the borehole pressure have rarely been
carried out due to the absence of feasible methods,
instead, various empirical formulas or detonation
theories are used to estimate it. However, the accuracy
of such estimates remains unknown [25].
This Appendix is not aimed at reviewing detonation

theories, but ideal and non-ideal detonation theories are
explained briefly to clarify the pressure concept used in
the crushing zone models.

Determination of the detonation pressure by ideal

detonation theory

Ideal detonation assumes the following [26]: the flow
is one-dimensional; the plane detonation front is a jump
discontinuity, a shock in which the chemical reaction is
assumed to be completed; and the jump discontinuity is
steady (independent of time).
The ideal (CJ) detonation criterion requires that there

is one steady solution, the CJ point. The CJ state
relations are given in literature by Fickett and Davis [26]
and Mader [27]. Particularly the CJ detonation
pressure is

PCJ ¼
roD2

CJ

gþ 1
; ðA:1Þ

where PCJ; DCJ; ro and g are the CJ detonation pressure
(Pa), CJ detonation velocity (m/s), density of the
unreacted explosive (kg/m3) and specific heat ratio,
respectively. The assumption g ¼ 3 gives the well-known
expression [28]:

PCJ ¼
roD2

CJ

4
: ðA:2Þ

The detonation pressure should not be confused with
the borehole or explosion pressure, which is the pressure
of the explosive gases expanded to the initial volume of
the borehole. The borehole pressure is thus equal to the
pressure of the reaction products after the reaction has
gone to completion in a constant volume. This pressure
is often referred to as the constant volume explosion
pressure, or simply explosion pressure [29].
Borehole pressure is theoretically about 45% of the

detonation pressure assuming complete reaction at the
detonation front. It is not easy to define the borehole
pressure for the non-ideal explosives since the time for

Table 7

Comparison of the measured and predicted radii of crushing in coal blasting

Explosive Explosive density

(g/cm3)

Detonation velocity

(m/s)

Borehole pressure

(GPa)

Measured radius of

crushing zone(m)

Predicted radius of

crushing zone(m)

ANFO 0.81 4077 2.929 0.67 0.48

Emulsion 1.20 5364 6.878 0.76 0.84

Emulsion 1.20 5364 6.878 0.83 0.84
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completion of the reaction may well extend far into the
period of large expansion of the borehole [29].
According to Persson et al. [28], borehole pressure, Pb

(Pa), for a fully coupled hole can be estimated through

Pb ¼
PCJ

2
: ðA:3Þ

Determination of the detonation pressure by non-ideal

detonation theory

It has been established that commercial explosives
exhibit non-ideal detonation behaviour since detonation
velocity strongly depends on charge diameter and
confinement [28–34].
Non-ideal behaviour of explosives can be explained

by applying the two-dimensional detonation theory.
Some of the methodologies and/or models in the
literature have been developed by Wood and Kirkwood
[35]; Bdzil [36]; Chan [37], Kirby and Leiper [38]; Bdzil
and Stewart [39]; Bdzil and Stewart [40]; Lee [41]; Souers
[42], Deng et al. [43] and Esen [20].
In this study, the model developed by Esen [20] is used

to predict the explosive performance and compute the
borehole pressure for the new crushing zone model.
Esen [20] developed a non-ideal detonation code based
on the Souers [42] model. Since Souers [42] model
resolves two-dimensional detonation theory for the
unconfined case, it has been extended by Esen [20] to
include the confinement effect on explosive perfor-
mance. Esen [20] treated the non-ideal detonation
problem as an engineering problem and developed a
systematic engineering methodology to solve it.
Inputs to the model include the heat of complete

reaction, CJ detonation velocity (these two parameters
are calculated using an ideal detonation code), density
of the explosive, charge diameter, dynamic Young’s
modulus and dynamic Poisson’s ratio of the rock
medium (which describe confinement). The model uses
experimental unconfined VOD and charge diameter
data for a given explosive. The non-ideal detonation
model then computes the confined detonation properties
including a pressure–volume diagram. Esen [20] deter-
mines the pressure–volume diagram by using the
following equation:

P ¼
1
2

D2 � u2
� �

þ qn 106
� �

V 1=ðg� 1Þ þ 1
� � ; ðA:4Þ

where P is the pressure (Pa); D is the non-ideal detonation
velocity (m/s); u is the particle velocity (m/s); V is the
specific volume (m3/kg); g and qn are specific heat ratio
and heat of complete reaction (MJ/kg), respectively for
non-ideal case.
Borehole pressure is determined when volume ratio,

V=Vo is 1.0 where Vo is 1=ro:

The model has shown to estimate the confined
detonation velocity within a reasonable error for dry
blasting agents [20].

Borehole pressure in a decoupled blasthole

The decoupled borehole pressure is given by [25,44]

Pbð Þdc¼ Pb

ffiffiffiffi
C

p re

rb

� �a

; ðA:5Þ

where ðPbÞdc is the decoupled borehole pressure (Pa),
Pb is the fully coupled borehole pressure (Pa), C is
the percent of the hole loaded with explosive. C is a
factor that accounts for vertical decoupling. When the
explosive is loaded continuously along the axis of the
hole as it is in the case of our experiments, C ¼ 1: re is
the charge radius (mm), rb is the borehole radius (mm)
and a is the constant which is determined as 2.6, 2.4 and
2.0 by Atlas Powder [45], Workman and Calder [44] and
Nie [25], respectively. In this study, a ¼ 2:0 is used.
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