
Over the past decades, drill-and-blast has
become the most commonly used technology
in rock excavation. It is well known that in
rock mass fragmentation with explosives, the
annular rocks around the blast-hole are
converted into fines. The formation of these
fines consumes a significant part of the energy
of the detonation, which in general is ignored
in the determination of the efficiency of
detonation (Glatolenkov and Ivanov, 1992;
Furtney et al., 2012). Many studies show that
only 20–30% of the total explosive energy is
effectively used in fragmenting the rock, and
up to 50% of the energy generated by conven-
tional charges is wasted in overcrushing of the
crushed zone and the inner part of the
fractured zone (Ouchterlony et al., 2004;
Sanchidrian et al., 2007). How to control the
crushed zone to enhance the effective
utilization of explosive energy, reducing the
unit explosive consumption and the
engineering cost, is therefore of great signif-
icance. 

One of the most important problems in the
breakage of rock masses is to establish a
calculation model of the crushed zone around
a blast-hole. The actual process of fragmen-
tation around the blast-hole in drilling and
blasting is so complex that an exact
mathematical description is almost impossible.
Over the years, many scholars and engineers
have researched this problem (Wang, 2005;
Jimeno et al.,1995; Ouchterlony and Moser,
2012; Qian, 2009), and several models have
been proposed for the estimation of the extent
of crushed zones around a blast-hole. Table I
lists the existing models for prediction of the
size of crushed zone. There are notable
discrepancies among these calculation models.
In the model proposed by Il’yushin (1971), the
material in the crushed zone is assumed to be
incompressible granular medium with
cohesion. However, Il’yushin’s formula is
applied to limestone, talc-chlorite, and
concrete, and Vovk et al. (1973) noted that
Il’yushin appeared to overestimate the size of
crushed zone. On the other hand, in Il’yushin’s
formula derivation process, the gas adiabatic
index in the process of blasting cavity
expansion was taken as a constant, so the
formula is not applicable to conditions of large
decoupling ratios. Szuladzinski (1993)
modelled the crushing and cracking around the
blast-hole using transient dynamic analysis. In
that model, the rocks around the blast-hole are
regarded as elastic materials and the effective
energy of the explosive is assumed to be
roughly two-thirds that of the complete
reaction, which gives no consideration to the
effect of decoupling. Djordjevic (1999)
developed the two-component model (TCM),
with overlapping fine-coarse component distri-
butions. Based on the Griffith failure criterion,
this model is applicable only to brittle rocks.
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Kanchibotla et al. (1999) proposed an empirical model to
determine the volume of fine material contributing to the run-
of-mine blast fragmentation. Esen et al. (2003) reviewed
different ways of calculating the size of crushed zone,
introduced a dimensionless parameter called the crushing
zone index (CZI), and developed their own formula partic-
ularly for smaller diameter holes and lower strength rock.
Hagan and Gibson (1988) indicated that the borehole
pressure will drop due to expansion of the blast-hole. The
aforementioned models, except that of Il'yushin, do not
consider the effect of cavity expansion on decreasing the
borehole pressure. These previously proposed models have
revealed some disadvantages related to the assumptions and
the method used, and they cannot be applied to all types of
rock masses and all charge structures. In particular, these
models do not consider the effect of compressive hoop stress
in the inner part of the fractured zone, as well as the in situ
stress and the cavity expansion effect, which is of great
important in the rock mass fragmentation process.

To explore the breakage mechanism of rocks around the
blast-hole and to accurately predict the size of the crushed
zone in drilling and blasting, a modified model for the size of
the crushed zone is presented. The four-region model was
established with hoop compressive stress in the inner part of
fractured zone and cavity expansion effect taken into
account. The material in the crushed zone is assumed to be a
granular medium without cohesion, but with internal friction.
The proposed approach was verified with tests reported in the
literature and the simulated results from SPH-FEM coupled
models. Also, the modified model is compared with a
selection of existing models.

Upon detonation of the explosive, the blast-hole wall is
impacted by violent explosive shock waves, stress waves, and
seismic waves successively, and the continuity of the rock
medium changes, presenting different states of breakage and
damage. The annular rock around the blast-hole will be
crushed to a fine size. According to the degree of damage, the
rock around the blast-hole wall can be divided into damage

zones, the definition of which varies among scholars
(Ghosh,1990). In previously proposed models, the final blast-
induced damage area is usually divided into three categories,
namely the crushed zone, radial crack zone, and elastic
deformation zone (as shown in Figure 1).

The existing models hold that the region between the
crushed zone and elastic deformation zone is completely
destroyed by the radial cracking, as shown in Figure 1a. In
order to simplify the physical process, in those models, the
rock between the crushed zone and elastic deformation zone
can only transmit the radial stress, and cannot support any
hoop stress, which means = 0. However, in the actual
breakage process, since the fractured zone is a constraint that
connects the crushed zone and the elastic zone, it cannot be
completely destroyed by radial cracks. Meanwhile, the extent
of damage of the rock medium in the inner part of fractured
zone will be increased due to the hoop compressive stress.
Regardless of hoop compressive stress, the calculated zone of
damage will be larger than the actual.

The rock in the inner part of the fractured zone, which is
subject to high radial compressive stress, is restrained by the
surrounding rock due to the Poisson’s effect. Therefore, it is
essential to take the hoop compressive stress into account in
this zone when establishing the calculation model. The
fractured zone is therefore divided into two parts in this four-
region model: the inner part (fractured zone I) and the outer
part (fractured zone II), as shown in Figure 1b. In fractured
zone I, the material is subject to plastic failure, and the hoop
compressive stress is not zero, while in fractured zone II there
is no hoop stress as a consequence of the damage caused by
radial cracks. The four-region model is established with 
 0 in fractured zone I. The material in the crushed zone is

assumed to be an incompressible granular medium without
cohesion, and there is still internal friction among particles.
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As a result, the modified model in this paper can better reflect
the actual breakage mechanism of rocks around the blast-
hole.

In this four-region model, the boundaries of the drilling
and blasting damage zones are determined as follows:

(1) The crushed zone a(t)  r  b*(t)
(2) The fractured zone I b*(t)  r  bI(t)
(3) The fractured zone II bI(t)  r  bII(t)
(4) The elastic deformation zone bII(t)  r  

where a(t) is the radius of the expanding cavity (mm), b*(t)
is the radius of crushed zone (mm), bI(t) is the radius of
fractured zone I (mm), and bII(t) is the radius of fractured
zone II (mm).

Supposing that there is a cylindrical cavity charged with
explosives in a homogeneous and isotropic rock mass. An
impulsive load will be loaded on the cavity wall when the
explosives are detonated. In order to simplify the problem,
some assumptions are made. The cylindrical cavity extends
infinitely along the axis. Thus, the problem for cylindrical
charge blasting can be simplified into an axial symmetric
problem and a plane strain problem. The expansion of the
detonation gas is adiabatic, and the volume of the detonation
gas that infiltrates the rock cracks can be ignored.

Using a cylindrical coordinate system to describe the problem,
the stress distribution in the elastic deformation zone can be
written as

[1]

where stresses are assumed to be positive in compression, r=

bII is the radial stress acting on the boundaries with the
fractured zone II and with the elastic deformation zone, and

0 is the in situ stress in rock masses (Pa).
At the interface of the fractured zone II and the elastic

deformation zone, the hoop stress reaches the tensile
strength of the rock, which is =−[ t], thus r= bII = [ t]+2 0

according to Equation [1].
The radial displacement in the elastic deformation zone is

[2]

where E is Young’s modulus (Pa), and v is Poisson’s ratio.

The material in fractured zone II is destroyed by radial
cracks; as a result, it cannot support any hoop stress.
However, the materials in the radial direction of fractured
zone II are still elastic, similar to radial column bars, which
can only pass the radial stress from fractured zone I to the
elastic deformation zone. So in fractured zone II the condition

= 0 applies, then in axial symmetry, in a cylindrical system
of coordinates (r, ), the equilibrium equation reduces to:

[3]

On the outer boundary of fractured zone II, r = [ t]+2 0,
and on the inter boundary r =[ c], where [ c] is the
unconfined compressive strength (Pa).

Integrating the two, the radial stress distribution in the
fractured zone II is found to be

[4]

According to Equation [2] the displacement in the outer
boundary of fractured zone II (when r= bII) is

[5]

The displacement in the interboundary of the fractured
zone II (when r= bI) is

[6]

The material in fractured zone I is subject to plastic failure,
which results in a large number of cracks, leading to the
expansion of the volume of the medium. It is therefore
necessary to consider the rock dilatancy effect in this region.
In fractured zone I, according to the plastic increment consti-
tutive theory:

[7]

where r is total radial strain, is total tangential strain,
r

p is radial plastic strain, r
e is radial elastic strain, p is

tangential plastic strain, and e is tangential elastic strain.
The non-associated flow rule is used to describe the

dilatancy characteristics of rock in fractured zone I.

[8]

where h is the dilatancy ratio of the rock mass in fractured
zone I. The dilatancy ratio describes rock’s propensity to
expand in volume after failure, and it is used mainly to
control the compensation space in blasting. The dilatancy
ratio of soft rock generally is 1.20–1.30, for medium hard
rock 1.30 1.50, and for hard rock 1.50 2.50.

Substituting Equation [7] with Equation [8], so that

[9]

that is

[10]

whence the displacement in the fractured zone I is given by:

[11]

In order to describe the derivation process as simply as
possible, let

[12]

In fractured zone I, a strength condition is fulfilled, taken
in this work in the form of the Mohr-Coulomb condition
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[13]

where is the angle of internal friction.
Substituting Equation [13] with the equilibrium 

Equation [14]:

[14]

then the radial stress in the fractured zone I:

[15]

After the detonation of the charge, the blast-hole is filled with
gaseous detonation products at a very high temperature. A
thin zone is formed around the blast-hole in which the rock
mass has been extensively broken and crushed by high
pressure (compressive and shear stress) that is exerted
immediately on the blast-hole wall. The fine crushed material
cannot support any shear in the absence of pressure, thus the
cohesive strength is taken to be zero. The material in the
crushed zone is assumed to be an incompressible granular
medium without cohesion, and there is still internal friction
among particles. A Mohr-Coulomb type model without
cohesive strength is employed to define the material
behaviour

[16]

In the outer boundary of the crushed zone r = s, where,
s is compressive strength of the rock under multiaxial stress

(Pa) (Rakishev and Rakisheva, 2011):

[17]

where m is the density of rock (g/mm3) and Cp is the
velocity of elastic longitudinal waves in the rock mass (m/s).

Substituting Equation [16] with the equilibrium differ-
ential (Equation [14] and integrating yields

[18]

Due to the continuity requirement, the radial stress acting
on the boundary must be the same on both sides. From
Equation [14] and Equation [18] it is apparent that bI = b*,
meeting the conditions

[19]

The incompressible condition is fulfilled in the crushed
zone:

[20]

and integrating yields the radial displacement in the
crushed zone:

[21]

Differentiating u(t) with respect to b*(t) yields

[22]

On the condition that <<1, the following approximate

relationship holds:

[23]

where v(r) is the velocity of particle in crushed zone (m/s).
On the expansion cavity wall (r= a(t)), the following

equation holds:

[24]

At initial time t = 0 the crushed zone begins generating at
the cavity wall, hence a = b* = rb.

Integrating yields

[25]

where b*m is the final radius of the crushed zone (mm) and
am is the maximum cavity radius (mm).

Letting 

[26]

Equation [25] can be simplified to

[27]

Initially, the cavity is filled with gases with pressure Pb as
a result of the explosion. There will be an increase in the
blast-hole radius with an accompanying increase in the blast-
hole volume and a drop in gas pressure. Gas pressure in the
process of gas expansion in the explosion cavity can be
calculated from the modified two-stages Jones-Miller
adiabatic equation (Henrych, 1979) in the following form:

[28]

where Pb is the initial borehole pressure before expansion of
the explosive (Pa), which is determined by the type of
explosive and charge structure; Pm is the pressure at
maximum cavity (Pa); the adiabatic isentropic exponents in
two stages are 1=3 and 2=1.27, respectively; Pk is the
critical pressure of explosion gases; and rk is the critical
radius of explosion cavity corresponding to Pk,

.

According to the Chapman-Jouguet model for the
detonation wave of condensed explosive, for a coupled
charge, the initial explosion pressure Pb which denotes the
gas pressure applied to the blast-hole wall is expressed by the
widely known equation (Hustrulid 1999):

�
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[29]

For a decoupled charge, if the decoupling coefficient is
small, the initial explosion pressure Pb involved is:

[30]

where 0 is the explosive density (g/mm3), re is the charge
radius (mm), and rb is the blast-hole radius (mm).

If the decoupling coefficient is large, the explosion
pressure decreases from > Pk above it to < Pk, where Pk is the
critical gas pressure. In the calculation, the value of 1 is 3.0
when P  Pk, while 2 is 1.27 when P < Pk. So Equation [30]
is rearranged to yield the following expression for the
explosion pressure:

[31]

The critical pressure of explosion gases Pk is given by
following equation (Henrych 1979):

[32]

where 0 is the density of the explosive (g/mm3), D is the
detonation velocity (m/s), and Qv is the reaction heat of the
explosive (Nmm/g).

The pressure at the wall of the maximum cavity (r=am) is
Pm= r, according to Equation [18]

[33]

Rearranging Equations [27], [28], and [33] yields

[34a]

[34b]

From Equation [34] the ratios between maximum cavity
radius and blast-hole radius (am/rb) can be obtained.
Substituting (am/rb) into Equation [27] yields the ratios

between the crushed zone radius and blast-hole radius
(b*m/rb).

On the condition that the cavity expansion is noticeable,
the approximate equation: 

[35]

holds, and then Equation [27] can be simplified as:

[36]

According to Equations [34] and [36], the radius of the
crushed zone around the blast-hole in column charge
blasting becomes:

[37]

The physical and mechanical properties of four types of rocks
chosen for the calculation are summarized in Table II.
Explosives used in the calculation are ANFO, emulsion
explosive, Gurit explosive, and booster and ammonium
nitrate explosive. The properties of the commercial explosives
used in the calculation and experimental work are
summarized in Table III.

Table IV shows the ratios between the crushed zone
radius and the blast-hole radius in different calculation
models for different rock types and different explosive types.
In general, for a specific rock and charge structure, the
crushed zone radius increases as the blast-hole radius
increases. Similarly, the models show that the explosive with
higher density and higher detonation velocity has the
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Table II

Quartzite 222 18 74.6 48 2710 0.22 2.2
Granite 129.1 10.3 79.5 52 2700 0.25 2.0
Limestone 60.7 5.9 31.0 43 2600 0.24 1.4
Siltstone 36.5 4.3 24.8 39 2230 0.30 1.2

[ c ] : Unconfined compressive strength; [ t ] : Unconfined tensile strength;
E : Young’s modulus; : Angle of internal friction; m : Density of rock
mass; v : Poisson’s ratio; h: dilatancy ratio.

Table III

Emulsion 1.20 5346 3.991
ANFO 0.81 4077 3.858
Gurit 1.00 2000 3.400
TNT 1.59 6940 4.184
Booster (60% TNT and 40% PETN) 1.54 7022 4.830
Ammonium nitrate explosive 1.10 3000 3.500
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potential to create a larger crushed zone for the same blast-
hole radius and rock type. There are notable discrepancies
between those calculation models. However, for a specific
borehole pressure, the size of the crushed zone differs
considerably between rock types; for example, the size of the
crushed zone in high-strength rock types is no more than
twice the radius of the blast-hole, while it can reach 3–5
times the blast-hole radius and more in low-strength rock
types. The assessments of the size of crushed zone are
conflicting, but most scholars hold that the size of the
crushed zone does not exceed 3–5 times the blast-hole radius
(Yang, 1991; Saharan et al., 1995), which is in agreement
with the ranges calculated in the modified model.

According to the results calculated by the modified model,
the thickness of the crushed zone increases with borehole
pressure and the coupling between the charge and the blast-
hole wall. The size of crushed zone is normally between 1.2
and 4.0 times the blast-hole radius with a fully coupled
charge. Although this area is small, it consumes a consid-
erable part of the explosive energy. Cook (1958) and Hagan
(1977) hold that this mechanism consumes no less than 27%
of the available strain wave energy, but makes only a very
small contribution to the actual rock fragmentation, and
around 0.1% of the total volume corresponding to the normal
breakage per blast-hole (Jimeno et al., 1995). In addition, an
increased amount of dust will be formed. Furthermore, the
entry of gases into cracks can be easily hindered by the
powdery materials within the crushed zone, which inhibits
the ’gas wedge’ effect, thus reducing the volume of rock
breakage (Hagan and Gibson, 1998; Roy, 2005). Meanwhile,
the high specific surface area of the particles within the
crushed zone will absorb a large amount of heat from the
gases, reducing the effective utilization of explosive energy. 

Calculation results listed in Table IV for four types of rock
indicate that there are notable discrepancies between different
models. The analysis shows that the calculation results of the
modified model are close to Esen’s and Szuladzinski’s
results, while the models proposed by Il’yushin and
Kanchibotla may overestimate the radius of the crushed zone.
One of the reasons for the significant discrepancies is the
different definitions of the crushed zone; for example,
Il’yushin and Kanchibotla’s models consider fractured zone I,
where plastic failure occurs and fractures present mesh distri-
bution, also as part of the crushed zone. 

The blast-hole is fragmented and displaced after the
detonation, so it is difficult to measure the radius of the
crushed zone directly in a full-scale production environment.
Single blast-hole blasting experiments are highly expensive
and inconvenient, and related experiment data is therefore
very scarce. Several drilling and blasting tests reported by
other researchers have been used to validate this modified
model’s applicability to full-scale blasting. This paper collects
four sets of data from blasting tests in limestone and concrete
by Vovk (1973), one set from decoupling charge drilling
blasting tests in granite by Olsson and Bergqvist, 1996 and
Olsson et al., 2005), three sets from blasting tests in a coal
mine by Slaughter (1991), one set from blasting tests in
fosroc grout by La Rosa and Onederra (2001), and two sets
of data from blasting tests in hard top-coal at the No.1
Honghui Mine by Suo (2004). Detailed test parameters are
given in Table V.

Two drilling and blasting experiments were conducted by
La Rosa and Onederra (2001) to measure the size of the
crushed zone from a decoupled charge, as shown in Figure 2.
The charge configuration consisted of a 25 mm blast-hole
charged with a 22 mm UEE booster composed of 60% TNT
and 40% PETN (see Table III). In each test, sections of the
test samples were cut to reveal the size of the crushing zone.
Figure 3 shows a comparison of different models in blasting
experiments under corresponding conditions. The predictions
of the crushed zone radius by the modified model are
compared with the experimental data, and it is found that the
predicted values are in better agreement with the test results
than those from other models.

According to La Rosa and Onederra (2001), the crushed
zone radii for both experiments were measured as 37.5 mm,
i.e. three times the radius of the blast-hole. As shown in
Figure 3, the ratios of the crushed zone radius and the blast-
hole radius (b*m/rb) calculated by the models proposed by
Il’yushin, Djordjevic, and Kanchibotla under specific
conditions are 7.85 6.25, and 12.30, respectively. However,
the ratio calculated by the modified model is 3.38, thus the
predicted values by this modified model agree reasonably
well with the experiments results of La Rosa and Onederra.

Several performance indices, including coefficient of
determination R2 and root mean square error (RMSE) were
computed to evaluate the performance of the predictive
models:

�

418 VOLUME 116     

Table IV

Quartzite Full Coupled ANFO 5.71 1.26 1.97 3.91 1.00 1.29
Emulsion 6.67 1.56 3.15 6.24 1.67 1.73

Granite Full Coupled ANFO 7.52 1.64 2.61 5.11 1.13 1.58
Emulsion 8.79 2.03 4.16 8.15 2.09 2.09

Limestone Full Coupled ANFO 8.97 2.39 3.45 7.45 1.93 2.47
Emulsion 10.48 2.96 5.50 11.88 3.56 2.77

Siltstone Full Coupled ANFO 10.58 3.08 4.04 9.60 2.55 2.85
Emulsion 12.37 3.82 6.45 15.33 4.72 3.26



[38]

[39]

where Ti,
Pi and T

–
are the measured, predicted from tests, and mean of

the Ti values (mm), respectively, and N is the total number of
data. Theoretically, the model will be excellent if R2 is unity
and RMSE is zero.

Results of performance indices (R2, RMSE) for predictions
and testing data-sets of different models are tabulated in
Table VI. As it can be seen, the performance indices show
that the modified model can predict the size of crushed zone
with higher degree of accuracy compared to other models.

Since the size of the crushed zone in Szuladzinski’s
model is only a function of explosive density, effective energy
of the explosive, and the dynamic compressive strength of
the rock material, it is unsuitable for the decoupling cases.
Also, the models proposed by Il’yushin and Kanchibotla seem
to overestimate the size of the crushed zone under the
condition of decoupling charge. The methods proposed by
Esen and the modified model take an effective account of the
effect of decoupling on the extent of crushing.

A coupled numerical approach with combined smooth particle
hydrodynamics (SPH) and FEM methods was also conducted
to investigate the effects of single blast-hole. The SPH
method, which is Lagrangian and mesh-free, it is well suited
to analyse large deformation events involving failure and
fragmentation (Hu et al., 2015). However, the SPH method
has some difficult in applying boundary conditions and its
calculation efficiency becomes a bottleneck for applying this
method to engineering practice. Therefore, the combination of
SPH and FEM is a good solution to accurately simulate the
whole process of rock blasting. The SPH technique is
employed to model the explosive charge and the close-in
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Table V

1 Slaughter Coal 20 1.5 8.5 28 1400 0.28 1.4 ANFO 80 80
2,3 Slaughter Coal 20 1.5 8.5 28 1400 0.28 1.4 Emulsion 80 80
4 Olsson et al. Granite 197 12 30 55 2600 0.24 2.0 Gurit 32 11
5 Olsson et al. Granite 197 12 30 55 2600 0.24 2.0 Gurit 25.5 8.5
6 Vovk Limestone 8.9 1 22 35 1900 0.30 1.1 TNT 31.0 31.0
7,8 Vovk Limestone 8.9 1 22 35 1900 0.30 1.1 TNT 29.8 29.8
9 Vovk Concrete 27 1.5 15 37 2070 0.25 1.5 TNT 26.2 26.2
10 La Rosa et al. Fosroc Grout 58.3 4.7 14.2 45 2167 0.20 1.4 Booster 12.5 11.0
11,12 Y.L. Suo Coal 28 1.3 3.4 31 1350 0.26 1.3 Ammonium nitrate 31 25

Table VI

R2 0.66 0.38 0.58 0.54 0.77 0.91
RMSE 164.1 709.5 182.4 191.1 140.9 69.1
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zones where a large amount of deformation takes place, while
the normal FEM is used in the far field. One can make full
use of the FEM method to apply boundary conditions for the
model, thus guaranteeing the calculation accuracy as well as
calculation efficiency. 

A two-dimensional numerical model was developed with
a combined SPH-FEM approach to simulate the blast-induced
damage around a single blast-hole in granite and limestone,
as illustrated in Figure 5. The RHT model, developed by
Riedel, Hiermaier, and Thoma (1999), is adopted in the
present study. The JWL equation of state models the pressure
generated by the expansion of the detonation products of the
chemical explosive (Yang et al., 2015). The numerical
parameters for the rock and explosive are adopted from 
Table II and Table III.

According the simulated results in Figure 5, the ratios of
the crushed zone radius and the blast-hole radius (b*m/rb)
calculated by the numerical models are 1.75 and 3.16, while
the values calculated by our modified model are 1.58 and
2.77.Although the radii of the crushed zones in both granite
and limestone obtained from this modified model are a little
smaller than that of numerical model, the numerical
simulation results and modified model results agree well. As
far as the crushed zones are concerned, it can be said that the
results obtained from this modified model give a good
prediction for the blast-induced crushed zone.

The modified model shows that the crushed zone radius is
affected mainly by the rock mass properties, in situ stress 0,
borehole pressure Pb, and blast-hole radius rb. In particular,
the roles of borehole pressure and in situ stress are
discussed. The sizes of the crushed zone in different types of
rock under different borehole pressure and in situ stress are
compared. The blasting load mainly induces tensile damage
(the fractured zone) to the surrounding rock. Since this
tensile effect is very easily inhibited by the in situ stress, the
fractured zone is significantly reduced with increasing in situ
stress, as shown in Figure 6. However, it has been found that
the in situ stress apparently has a slight effect on the size of
crushed zone, especially in hard rock. The size of the crushed
zone increases slowly with the in situ stress, and such
increase is more noticeable in soft rock, as shown in Figure 7.
It can be predicted that for drilling and blasting in deep
underground caverns, when the in situ stress reaches a
higher level, the tension effect may be completely inhibited,
and there would be a crushed area only around the blast-
hole.

As shown in Figure 8, the size of the crushed zone
decreases significantly as the borehole pressure falls.
Reducing the borehole pressure Pb is therefore an effective
way to reduce the size of the crushed zone. Borehole pressure
Pb is related to explosive characteristics and charging
structure, so one can reduce the crushed zone by adjusting
explosive characteristics or improving charging structure,
such as by using lower energy explosives, or using a
decoupling or air-decked charge. When using the decoupling
charging structure, the size of the crushed zone decreases
quickly along with the increase in decoupling ratio, as shown
in Figure 9. There is even no fine crushing if the decoupling
ratio increases to a certain value.
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A modified model to calculate the size of the crushed zone
around the blast-hole has been presented that takes into
account the hoop compressive stress in the inner part of
fractured zone and cavity expansion on decreasing the
borehole pressure. As a result, the modified model can better
reflect the actual breakage mechanism of rocks around the
blast-hole. The proposed approach has been verified with
tests reported in the literature as well as simulated results
from SPH-FEM coupled models. Compared with other models,
the calculation results from this model are in better
agreement with the test results.

The crushed zone radius formula derived from the
modified model indicates that the size of the crushed zone is
related to the rock properties, the characteristics of the
explosives, the charge structure, and the blast-hole radius.
The analysis shows that there are notable discrepancies
between rock types, and usually the size of the crushed zone
ranges from 1.2 to 5.0 times the blast-hole radius.

The in situ stress apparently has a slight effect on the
size of the crushed zone, especially in hard rock. The size of
the crushed zone increases slowly with the in situ stress,
with the increase being more noticeable in soft rock.
However, the tensile fracture effect is very easily inhibited by
the in situ stress, and the size of the fractured zone is signifi-
cantly reduced with increasing in situ stress. One of the
prime reasons for overcrushing is unacceptable levels of
borehole pressure in blasting. It is found that reducing the
borehole pressure Pb is an effective way to reduce the size of
the crushed zone. The size of the crushed zone decreases
significantly along with the increase of decoupling ratio. The

crushed zone can be reduced by using a decoupling charging
structure.
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