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. Abstract. The Geological discontinuities such as joint are the most common discon-
Rece{ved ] 2.12 ‘.2 017 tinuities present in the rock mass. A model scale study was carried out to evaluate
Received in revised form 21.02.2018 the effect of the joints on rock blasting. Single hole tests at three selected burdens
Accepted 11.03.2018 (optimum, less than optimum and more than optimum) were done on six different

joint orientations. The joint orientation angles were 0°, 30°, 60°, 90°, 120° and 150°
rotating in anticlockwise direction from the floor of the bench in a plane perpendicular to the free face. Bench models of dimensions
515x335x215 mm with a bench height of 50 mm were prepared by binding sandstone slabs of 25 mm thickness with an adhesive. The
models were blasted by n°6 electric detonators. The dynamic and static properties of sandstone are given. The bench crater formed and
the fragmentation produced were predominantly influenced by the position of charge with respect to the joint orientation. Severe toes
were noticed in models with vertical joints and with joints dipping away from the face. Over breaks were observed in horizontally
bedded models and in models with joints dipping towards the free face. Over breaks were observed in horizontally bedded models and
in models with joints dipping towards the free face. The size of the broken fragments at 20 mm burden was found to be finer than the
fragments obtained at 30 mm and 40 mm burdens for all joint orientations except vertical.

Keywords: Fragmentation; model rock blasting; discontinuities, rock mass, bench blasting

B3aemoBinHomeHHsI MiK TPIIMHYBATICTIO i pe3yibTaTaMM NiAPUBAHHS MOPiJ
C.Axayi',A. Xadcayi',A.Aicci®, A.bencenry6’

! Vuisepcimem Baoaci Moxmap, Aunaba, Anocup
’Hayionanvras wikona 2ipnuioi npomuciosocmi ma memanypeii, Ancup
3 lepoicasnuii azpapnuii | exonomiunuii ynieepcumem, [ninpo, Yxpaina

AHoTauis. ['eonoriyni po3puBH, Taki SK TPIIIWHY, € HAXOUTHII OMMPESHUMH ITOPYIISHHAMH, IPUCYTHIMHE B TipchKiit Maci. Bymo npo-
BEICHO KOMIUIEKCHE MAcCIITaOHe JOCITIHKEHHS, K€ 03BOIMIO OL[iHUTH BIUIMB TPIIIMHYBATOCTI HAa Opru3aHTHE 3ApiOHEHHS IOpPiT BH-
Oyxom. TecTyBaHHS OMHOYHHX AIPOK HA TPHOX BUOPAHMX HABAHTAKEHHSX (ONTUMYM, MEHIIIE, HK ONTHMYM 1 OLIbIIIe, HiXK OITUMYM)
OyJ10 BUKOHAHO Ha IECTH Pi3HUX OpieHTamisx cyrnobis. CoinbHi KyTu opieHTarii Oymu 0 °, 30 ©, 60 °, 90 °, 120 ° Ta 150 °, obepraro-
YHCH NIPOTH TOJWHHUKOBOI CTPLIKHU BiJ MiJUIOTH JIABH B IUIOIIVHI, NEPIICHIUKYISIPHiN BUTBHIN noBepxHi. JlamenbHi Moaem po3mipis
515x335x215 mm 3i crifikoro BucoToro 50 MM Oy miATrOTOBIICHI MIIIXOM 3'€JHAHHS MIITAHIKOBHX IUTUT TOBIMHOIO 25 MM 3 KIICEM.
Mopeni Oynu mixipBaHi eJEKTpHIHUMHU AeToHaTopaMu Ne 6. JlaHi AMHAMIYHI Ta CTAaTWYHI BIACTHUBOCTI mickoBrka. ChopmoBaHmit
JIaBPOBUH Kpatep, 1 yrBOpeHy (parMeHTAIIiI0 IIepeBaKHO BIUIMBAE TTOIOKECHHS 3apsiLy MO0 OpieHTamii cyriao0iB. Baxkki mansmi Oymu
TIOMiYCHI B MOZIENAX 3 BEPTUKATBHUMH CYrJI00aMH 1 31 3'€THAHHAMH, IO OIYCKAIOTHCS Bif oOmuyadst. [loHan nmepepBu criocTepiraamcst
B TOPU30HTAIBHO CIUITYAX MOJENAX 1 B MOJIENSX 3 Cyriio0amu, o Majaid 10 ButbHOro oomuyyus. [loHax mepepBu criocTepiraiucs B
TOPU30HTAIBHO CIUITYUX MOZENAX 1 B MOJEISIX 3 CyrJIo0amH, IO Mafaiad A0 BUIbHOro obmmads. Po3mip 3maMannx ¢parmeHTiB Ha
HaBaHTaXeHHI 20 MM BHUSBHUBCS OiJIBII TOHKHUM, HiX ()parMeHTH, OTpUMaHi Ipu HaBaHTaxeHHI 30 MM Ta 40 MM IS BCiX OpieHTamii
CHIJIBHOTH KPIM BEPTHKAIBHUX.

Kniouosi cnosa: ¢ppacmenmayis; mooenvHuii po3koi, po3pugu; 2ipceka maca, cmeHoosi eubyxogi pobomu

Introduction and previous work. It is established represent part of the programm of research of the
that the geological discontinuities present in the rock Natural Ressources Engineering. Rock mass proper-
mass affect the blasting results considerably.This is ties are important parameters in a blast design; and
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understanding the influence of geological discontin-
ues and physic mechanical properties of rock is fun-
damental to optimum fragmentation. The jointed
rocks give poorer fragmentation than unjointed
rocks because of the attenuation of stress waves and
the escape of gases through joints. The geological
discontinuities also create in an imbalance in the dis-
tribution of charge and produce uneven fragmenta-
tion and breakage (Ash, 1961; Dick, and Olson,
1972; Kim, 2010).

The emergence of cheaper blasting agents

(e.g. ANFO) has increased the trend towards larger
diameter blast holes with correspondingly larger
burdens and spacings. Therefore, the effects of geo-
logical discontinuities have become more pro-
nounced because a larger number of discontinuities
may be encountered in between in consecutive blast
holes. The Investigations by Ash and Hafsaoui& al.
(Ash, 1973; Hafsaoui and Talhi, 2009)indicated
that the fractures induced by blasting would follow
the discontinuity planes and oriented towards free
face. He has also found that geological discontinui-
ties cause a rock mass to divide into segments by
providing preferred directions for radial and flexural
fractures.
Effect of Joints on Blasting Results. Amongst the
geological discontinuities, joints are the most
common in many rock types. These are defined as
planes of weakness within a rock mass along which
there has been no visible movement.

There will be difference in the transmission
of the stress waves through the Joints depending on
whether the Joint is tight, open or filled (Kolsky,
1953; Goldsmith, 1967; Hafsaoui and Talhi,
2011). The tight joints do not affect the transmission
of stress waves whereas the open and filled joints
introduce an acoustic impedance mismatch and
reflect the stress waves. If the reflected wave is
sufficiently strong, internal spalling takes place. The
radial cracks which the strain wave would have
formed in a massive rock are prematurely interrupted
by the joint.

Whenever, an open joint intersects the
charged section of the blast hole, the gases expand
the joint by wedging action and may escape through
it without performing the useful work. If the joint
extends from the blast hole wall to the face or top of
the bench, the premature venting of the gases create
air blast and/or fly rock problems in addition to the
poor fragmentation and uneven breakage.

In the works (Belland, 1968; Talhi et al.,
2003) reported that the fragmentation improved
considerably by orienting the free face parallel to
and on the dip side of the principal joint planes. In
the work (Gnirk and Pfleider, 1968; Larson and
Pugleise, 1974) found that the shape of the crater

was influenced by the orientation of free face with
respect to the planes of weakness. It has been found
that the small scale bench blasts, found poor
breakage when the row of the blast holes was oblique
to the joint direction and better results were obtained
when the row of the blast holes was parallel to the
joint direction. In the work (Bhandari, 1974) the
crater tests found a stepped profile in horizontal
sandstone beds. The studies of two extreme cases of
joint orientation (viz. horizontal and vertical) and
found that average fragment size was affected by
joint orientation and burden significantly (Singh et
al., 1980). Their results also indicated that the mass
of fragments was more influenced by burden than
joint orientation.

Cementing Materials. The type of the cementing
material in the joint exerts considerable influence on
blasting results, because the strength of the rock
mass and the degree of attenuation of stress waves
depend on the cementing material (Wild, 1977,
Bjarnholt and Skalare, 1981). It has been found
that the attenuation of stress waves depends on the
width of the joint and the impedance of the
cementing material (Johnson, 1962).

Model Scale Blasting.lt is always better to conduct
the blasting experiments on full scale so that they
include the structural discontinuities present in the
rock mass. This type of work requires handling of
large volumes of broken material and thus makes the
experiment expensive and difficult. That is why,
only a few field studies were undertaken where all
the blasted fragments were recovered and screened
(Haller et al., 1972; Smith, 1976) have overcome
this drawback by conducting the experiments on a
reduced scale in in situ rock.

The validity of model scale tests for studying the
blasting phenomena has been shown by different
authors (Langefors, 1959; Just and Henderson,
1971). The results obtained from the small scale
blasting are only qualitative because of the inability
to provide the required rock and explosive
characteristics to meet similitude requirements
(Martin and Murphy, 1963; Da Gama, 1970).
However, model blast provides quantitative results
amongst themselves.

Site and sample details. A large, intact block of
sandstone was obtained from Hadjar soud quarry
which is situated 7 kilometers on the outskirts of
Azzaba and is an opencast site (see fig.1) ( Algeria).
Lithologically, the rock is a red, medium grained,
hard cemented sandstone. A sample of the rock was
desegregated by gentle pressure with a pestle and
mortar, taking care not to crush individual grains,
and the particle size distribution and the particle
specific gravity were determined. It was found that
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85 percent of the particle fell in the medium sand
range (0.2- 0.6mm) and ten per cent in the fine sand

range (0.06-0.2mm) and that the particle specific
gravity was 2.66.

Fig.1. Location map of the study area (Azzaba region)

Properties of sandstone materials. Before blasting the sandstone material properties were determined in a
static and dynamic program as follows. The results are summarized in Table 1.

Tablel. Summary of the sandstone materials testing

Property Mean value
Uniaxial compressive strength. Co (MPa) 37
Tensile strength, T (MPa) 3.4
Shear strength, 7(MPa) 11
Density, vy (g/cm?) 2.25
P-wave velocity, C, (m/s) 4000
S- wave velocity Cs (m/s) 2429
Young’s modulus static, E (GPa) 24
Young’s modulus dynamic , Eq (GPa) 28
Poisson’s Ratio static, p 0.15
Poisson’s Ratio dynamic, pa 0.21

The representative cores are obtained from a
block, sandstone sample; 38 mm rock cores were cut
from it. All core samples were cut to length/diameter
of 2.5. The ends of the cores were ground flat and
parallel. The diameter and length of each specimen
were measured and the mass of each specimen was
determined immediately before testing,

The affixing to the specimens of two lateral
and two axially oriented foil strain gauge type N22-
FA-5-120-H. These pairs are placed diametrically
opposite each other and located centrally on the
specimen. During testing the pairs are connected up
with pairs of gauges on "dummy" sample away from
the machine to give temperature variation
compensation. This Wheatstone bridge is formed
and strain changes are monitored by changes in the
voltage across the bridge.

The compression tests were carried out in a
fast-response, closed-loop, programmable testing
machine. To carry out a test, the specimen was
inserted in the testing machine between platens
having the same diameter as the specimen. The
program was switched on and the specimen was then
displaced at a constant rate of 2x10-3 mm seconds,

corresponding to an axial strain rate of about 3x10-3
per cent/seconds displacement was thus the
independent variable and force was the dependent
variable. Failure was then controlled beyond the
peak force because the displacement was
programmed to increase at a constant rate, regardless
of whether this necessitate a rise or fall in applied
force. The load was monitored with a pressure
transducer and a complete force-displacement curve
obtained for each specimen on an X-Y recorder.
Remote X-Y chart recorder that was used to monitor
the axial and lateral displacement detected by the
strain gauges additionally monitored axial load.

The load displacement curves obtained from the X-
Y recorder was converted to stress-strain curves by
dividing the load by the original cross-sectional area
of the specimen to give stress and by dividing the
displacement by the original length of the specimen
to give strain.

The uniaxial compressive strength (Co) was
obtained from the peak of each curve. Young's
modulus (E) and Poisson's ratio (1) were obtained
from the stress-strain axial and lateral curves. The
details are given in Talhi et al. The method used to
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determine the tensile strength (T) of the sandstone
was the indirect tensile strength. The Brazilian test
was performed using 38 mm diameter specimen and
thickness equal to the specimen radius. From the
load at failure and the specimen dimensions, the
tensile strength was calculated. The shear box was
used to determine the shear strength (t). The
specimen and plaster were placed into the shear box
and constant holding load was applied by means of
a hand operated hydraulic pump. Another such pump
was used to apply a shearing load along the shear
plane; this load was progressively increased until
rupture occurred. Knowing the force applied along
shearing plane and the cross sectional area, the shear
strength was computed.

The dynamic properties of the sandstone were
determined indirectly by measuring the propagation
velocities in the sandstone.

In pulse techniques, a mechanical impulse is
imported to a specimen. The time required for the
transient pulse to traverse the specimen length is
used to calculate the wave velocity. The
instrumentation consists of a pulse generator, sample
holder assembly, a timer stabilizer, an amplifier and
an oscilloscope. Two sample holder assemblies were
employed. One was used to determine the P-wave
velocity (CP) and the other was used to determine
the S-wave velocity (CS). The sample holder

Table 2. Summary of the test series

assembly contains two rectangular (in CP
experiments) or triangular (in CS experiments)
Pyrex glass plates upon which were placed
transducers. The pulse coming directly from the
pulse generator was transmitted through the
specimen by one glass wedge (driver) and picked by
the other (pickup) connected to the amplifier. The
amplified signal was fed to an oscilloscope. The
wave travel in a specimen was recorded from the
timer and checked by the time indicated on the
oscilloscope. Knowing CP and CS, dynamic E-
modulus (Ed) and dynamic Poisson ration (pud) were
calculated.

Experimental method.The model scale blasting can
be conducted on various types of rocks and materials
depending wupon their availability, strength,
homogeneity and the type of explosive being used.
In our case, six different joint orientations were
chosen for the investigation. They were 0°, 30°, 60°,
90°, 120° and 150° rotating in anticlockwise
direction from the floor in a plane perpendicular to
the free face (see table 2). The size of each block was
515 x 335 x 215 mm with a bench height of 50 mm
(see fig. 2) sandstone slabs of 25 mm thickness were
cut to the appropriate size and bound together by an
adhesive to prepare the bench models. The adhesive
was applied over the whole surface of the slabs to
have a uniformly filled joint.

Angle, degrees 0 30 60 90 120 150
)
Burden, (B) 20 [ 30 [ 40 [ 20 ] 30 [ 40 [ 20 [ 30 ] 40 [20[30] 40 ] 20]30]40]20]30] 40

Fig.2.Model configurations used in the blast tests

Optimum fragmentation burden (burden for which
"mass-surface was maximized) for unjointed models
was found to be 30 mm (Saran, 1981). The burdens
(B) chosen for the present investigation were more
than an optimum burden (i.e. 40 mm), equal to opti-
mum (i.e. 30 mm) and less than optimum burden (i.e.
20 mm).

A vertical hole of 9mm diameter was drilled in the
center of each block at the selected burden without

sub drilling. Each model blasted by a number 6elec-
tric detonator and is shown in figure 2.

The broken fragments collected after blasting were
subjected to sieve analysis. The sizes of the sieves
used were 101.6 mm, 50.8mm, 25.4 mm, 12.7 mm,
5.1 mm, 1.7 mm and 0.5 mm.

Mass surface area and average fragment size were
determined for each test. The mass was obtained by
weighing the broken fragments collected after each
blast. The new surface area of the irregular blasted
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fragments was calculated (Heywoud and Pryros,
1998). The mass surface area was obtained by mul-
tiplying the mass and new surface area. Average
fragment size (AFS) for each test was obtained by
the following formula (Pryors, 1965).

AFS == (1)

Where, m; =mass of fragments retained in between
i™ and (i-1)" sieve; and n; = mean aperture size of i
and (i-1)" sieve.

This, however, gives weightage for larger fragments
as this value can be determined even by the material
collected on top two sieves.

Al though the term fragmentation has been used in
blasting terminology, it has not yet been well defined
quantitatively.

The passing size of 80% as a measure of fragmenta-
tion in blasting was used (Bond and Whitney,
1959). An attempted to derive fragmentation law for
rock blasting was used (Henderson, 1971). The re-
lated size distribution for blast design parameters
was used (Just, 1973). The authors (Dick, et al.,
1973; Denoual and Hild, 2002) studied fragmen-
tation on a reduced scale quantitatively. They related
the cumulative mass percentage and sieve size by a
simple power curve,

y=ax" @)

Where, y- cumulative weight percentage;

a =y-intercept;

x=sieve size and

b=slope of the curve.

It has also been found that the above curve fits well
in fragmentation studies of blasting (Singh et al.,
1980). The values of the sieve sizes and cumulative
mass percentages obtained in the present
investigation gave a straight line equation "y = a +
bx ". The correlation coefficient obtained was about
0.92 for all tests.

The coarse fragmentation index' was obtained by
dividing the mass percentage of +25.4 mm
fragments by the mass percentage of - 25.4 mm
fragments. Similarly, the fine fragmentation index
got by dividing the mass percentage of -1.7 mm
material by mass percentage of +1.7 mm material
(Smith, 1976).

The fracture characteristics such as shape of the
bench crater, over break, back breaks, toe and
overhangs were studied in each model blast. The

coarse fragments collected after the blasting was
reassembled and an attempt was made to explain
the mechanism of failure.

Discussion of results.The discussion of the results
is given as follows. The explanation of the fracture
characteristics such as over break, back breaks,
overhangs, toes etc. in each model after blast.

Joint orientation ©=0° and B =20 mm: The

whole burden perpendicular to the blast hole axis
was thrown out and a bench crater with 150° angle
of the break was formed. The broken fragments and
six radial cracks were found around the blast- hole,
and for which two extended behind the new face as
back breaks. A circumferential crack was observed
behind the new face.
It appears that the circumferential cracks were
developed due to the radial tensile strains developed
by the differential radial movements between the
slabs. The 2nd slab containing the explosive charge
might have moved more than the 1st and 3rd slabs,
which were fixed by an adhesive with the 2nd slab.

Joint orientation ©=0° and B =30 mm: It
was formed in this model a semi-circular shape of
the bench crater with large over break. Even though,
the radial cracks and the circumferential crack
observed in this blast were similar to that noticed in
the model with 20 mm burden; the fractured rock
behind the face was lifted, creating a large over
break.

Joint orientation 6=0° and B =40 mm: It
was observed in this model radial cracks and
circumferential crack similar to those in the other
horizontally bedded models. The fragments were
encompassed by the circumferential crack in the 2nd
slab was left intact and a stepped bench crater was
formed.

Joint orientation 6=30° and B =20 mm: It was
created in this model an angle of break about 150°.
Due to spalling a thin flaky fragment were obtained.

Joint orientation 6=30° and B =30 mm: In
this blast has got severe toe and back breaks. The
upward pressure exerted by the expansion of the
gases might have developed the back breaks whereas
the wedging action of the gases created a cavity
nears the II joint. The flaky fragments obtained from
the 2nd slab reveal the spalling effect.

Joint orientation 6=30° and B =40 mm: In
this modelthe fracture pattern and the bench crater
observed were similar to in the model with 30mm
burden, but with a more severe toe and overhangs.

Joint orientation ©=60° and B =20 mm: In
this model a bench crater with the 155° angle of the
break was formed. Five symmetrically located radial
cracks extended beyond the new face as back break.
The degree of fragmentation in the 2nd slab was
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found to be more than the 3rd slab because of the full
explosive charge placed in the 2nd slab.

Joint orientation ©=60° and B =30 mm: It
was observed in this model the shape of the bench
crater is similar to in the model with 20 mm burden,
but with severe toe and less back breaks.

Joint orientation 6=60° and B =40 mm: In this
model the bench crater formed was similar to that
observed in the model with 30 mm burden.

Joint orientation 6=90° and B =20 mm: In
this model a wide crater with little toe was created.
The fracture pattern noticed after the rearrangement
of the broken fragments revealed the combined
action of bending, spalling and radial fracturing. As
the charge was placed in the II joint, the gases tried
to separate the II joint and thus developed a cavity.

Joint orientation 6=90° and B =30 mm: In
this model the bench crater was not uniform and had
a severe toe. The fracture pattern observed after
reassembling the broken fragments indicated the
cantilever bending action in the 2nd slab.

Joint orientation 6=90° and B =40 mm:
The crater observed at 40 mm burden was similar to
that developed at 30 mm burden. The fractures
noticed after rearranging the broken fragments
demonstrate the bending action in the 2nd slab. The
back breaks were severe probably due to the less loss
of energy.

Joint orientation 6=120° and B =20 mm:

The width and the crater breakage angle in the face
was less than those behind the blast hole. The
fractured fragments at the bottom of the 3rd slab
remained in position as toe.
That is why the coarse fragments were observed
from the 2nd slab. The toe and the overhangs were
probably due to the resistance offered by the 2nd
slab.

Joint orientation ©=120° and B =30 mm:
This blast was similar to that noticed in the model
with 20 mm burden, but the burden portion of the 3rd
slab remained as toe. The 3rd slab remained as toe

3.0 =

25 -

)

N
(=]
1

Masse of fragments (kg

because of the resistance offered by the 2nd slab and
severe loss of energy. A depression on the unmoved
portion of the 3rd slab (i.e. left as toe) depicts the
internal spalling effect due to the reflection of stress
wave by I joint.

Joint orientation ©=120° and B =40 mm:
This model was similar to that observed in the model
with 30 mm burden. The over break in this model
extended even in the 4th slab due to charge contained
in it.

Joint orientation ©=150° and B =20 mm:
Severe overhangs and little over break was formed
in this blast. The 2nd slab was coarsely fractured
because of the absorption of stress waves by [ and 111
joints.

Joint orientation ©=150° and B =30 mm: A
new inclined face was developed in this blast. The
fractures observed after the rearrangement of the
broken fragments indicated the bending action in the
2nd slab.

Joint orientation ©=150° and B =40 mm:
over break formed in this model was less than that
observed in the model with 30 mm burden. The
fracture study after reassembling the fragments
showed that the burden might have fractured by
bending.

Fragmentation studies. Mass of fragments. The
mass of fragments collected at burden B= 20 mm
was lower than that obtained at burden B= 30 mm
except in the vertically jointed models. Mass of frag-
ments increased with a burden in models with joint
orientations ©= 0°, 60° and 120°. In the models with
joint orientation ©=0° and 150°, maximum mass was
obtained at the burden B=30 mm. In vertically
jointed models, mass of fragments obtained at bur-
dens B = 20 and 40 mm was almost equal and more
than that obtained at burden B=30 mm, figure 3.
Mass surface area.The mass surface area did not
follow any definite trend with either burden or joint
orientation, figure 4.

1.0 = B= 30mm
-
. B=40mm
0,5 - 72 S
i =
T — B= 20mm
~~en e —m
e e
0.0 L) L) L) b L) L)
0 30 60 90 120 150

Angle (Degrées)

Fig.3. Mass of fragments vs joint orientation
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Fig.4.Mass surface area vs joint orientation

Average fragment size.Except with the vertically
jointed models (O = 90°), average fragment size ob-
tained at 20 mm burden was smaller than the average
fragment sizes collected at 30 and 40 mm burdens.
The average fragment size increased with increase in
burdens in the models with a joint orientation ©=

120
||o-.I
|003
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60
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40

30 - 7
4 /

Average fragment size (mm)

20 vd

4
10 —————

30°, 60° and 120°. In the models having joint orien-
tation © =0° and 150°, maximum, average fragment
size was found at 30 mm burden. In vertically jointed
models (O = 90°), maximum, average fragment size
was obtained at 40 mm burden and minimum at 30
mm burden, figure 5.
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Fig.5.Average fragment size vs joint orientation

Least squares curves.A straight line equation y =
a + bx was found to be satisfying the values of cu-
mulative mass percentage and their corresponding
sieve sizes for a, | the tests, figure 6. Thus least
square lines explain the size distribution of broken
fragments collected after blasting. Flatter the lines
(lesser the slope), coarser are the fragments.

In horizontally bedded models the least square lines
indicated that the fragments collected at 30 mm and
40 mm burdens are more or less similar but coarser
compared to the fragments collected at 20 mm bur-
den, figure 6a.

The least squares fit flattened with the in-
creasing burden in the models with a joint orienta-
tion ©= 30°. This indicates the increase of coarse
fragments with burden, figure 6b.

The straight lines obtained in the models
with joint orientation ©=60° are very close to each
other. This shows that the size distribution of broken

fragments collected at all the three burdens is similar
to each other, figure 6c.

In vertically jointed models the size distribu-
tion of the broken fragments at 20 and 40 burdens
were almost akin but coarser compared to the frag-
ments obtained at 30 mm burden, figure 6d.

In the models with a joint orientation © =
120°, the size distribution of the fragments became
coarser with increasing burden. However, the close
and parallel lines obtained at 50 and 40 mm burdens
indicate more or less similar size distribution, figure
6e.

The least square lines obtained in the models
with joint orientation ©= 150° show that the size dis-
tribution of the broken fragments collected at 30 and
40 mm burdens is similar to each other but coarser
compared to the fragments collected at 20 mm bur-
den, figure 6f.
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Analysis of the variance of the test results showed
that the mass of fragments, mass surface area and
slope of least square lines were not affected by bur-
den or Joint orientation significantly. However, the
results indicated that the average fragment size was
affected by burden significantly at the 5 % level.

15,0 =
12,5
10,0 -

7,5 =

Coarse Ragmentation index

Coarse fragmentation index.Except the models
with Joint orientations ©=60° and 90°, coarse frag-
mentation indices calculated at 20 mm burden were
less than 0.5 (very small). The coarse fragmentation
index for a particular burden was minimized when
the Joints are dipping away from the face at an angle
30° from the floor (6= 30°), figure 7.
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Fig.7. Coarse fragmentation index vs joint orientation
Fine fragmentation index.Except vertically jointed

models, fine fragmentation indices found at 20 mm
burden were higher than the fine fragmentation indi-
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ces registered at 30 and 40 mm burdens. For a par-
ticular burden, fine 47fragmentation index obtained
in the models with Joint orientation ©=30° was
higher compared to other orientations, figure 8.
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Fig.8. Fine fragmentation index vs joint orientation

The shape of the broken fragments. The coarse
fragments collected in horizontally and vertically
jointed models were plate shaped with a thickness
equal to the slab thickness (i.e. 25 mm). The shape

of the large fragments in the models with Joints dip-
ping away from the face (i.e. © = 30° and 60°) was
oblong, whereas in the models with joints dipping
towards the face (© = 120° and 150°) it was tabled,
figure 9.

Fig.9. Shape and size of fragments
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Conclusions. The following conclusions which can
be drawn are as follows:

It appears that the shape and size of the bench crater
and the fracture pattern developed were controlled
by the position of charge with respect to the Joint
orientation. The degree of fragmentation at a partic-
ular point in the model was found to depend on the
distance of the point from the charge and the number
of joints in between the point and the charge.
Spalling at the free face was not observed in the
models having joint planes in between the charge
and the face. Internal spalling, crushing and cavities
were observed near the joint plane in some of the
models.

The problem was found to be increasing with a bur-
den in vertical jointed models and in models with
joints dipping away from the face. However, toe
problem was also observed in some models with
joints dipping towards the face. Severe over break
was observed in horizontally bedded models and in
models with joints dipping towards the face. Except
with the vertically jointed models, the mass of frag-
ments and the average fragment size obtained at 20
mm burden was minimized. For a particular burden,
the coarse fragmentation index was minimized and
the fine fragmentation index was maximized when
the joints were dipping away from the face at an an-
gle of 30° from the floor. The size of the broken frag-
ments at 20 mm burden was found to be finer than at
30 and 40 mm burdens for all orientations except
vertical. Mass of fragments, mass surface area and
slope of least square lines were not affected by bur-
den or joint orientation significantly. However the
average fragment size was affected by the burden.
The large fragments obtained in horizontally and
vertically jointed models were plate shaped with a
thickness equal to the slab thickness. The shape was
oblong when the joints were dipping away from the
face and tabular when the joints were dipping towa-
rds the face.
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