
Arch. Min. Sci. 66 (2021), 4, 561-578
Electronic version (in color) of this paper is available: http://mining.archives.pl

DOI: https://doi.org/10.24425/ams.2021.139597

Sri ChAndrAhAS 1,2*, BhAnwAr Singh ChoudhAry 1,  
n.S.r. KriShnA PrASAd 2, VEnKAtArAMAyyA MuSunuri 2, K.K. rAo 3

An InvestIgAtIon Into the effect of RockmAss PRoPeRtIes  
on meAn fRAgmentAtIon 

desired rock fragmentation is the need of the hour, which influences the entire mining cycle. thus, 
most engineering segments pay attention to rock fragmentation and neglect by-products like ground vi-
bration and fly rock. Structural and mechanical properties of rock mass like joint spacing, joint angle, and 
compressive strength of rock pose a puzzling impact on both fragmentation and ground vibration. About 
80% of explosive energy that gets wasted in producing ill effects can be positively optimised, with a new 
set of blast design parameters upon identifying the behaviour of rock mass properties. in this connection, 
this research aims to investigate the influence of joint spacing, joint angle, and compressive strength of 
rock on fragmentation and induced ground vibration. to accomplish this task, research was carried out 
at an opencast coal mine. it was discovered from this research that compressive strength, joint spacing, 
and joint angle have a significant effect on the mean fragmentation size (MFS) and peak particle velocity 
(PPV). with the increase in compressive strength, MFS explicit both increase and decrease trends whilst 
PPV increased with a specific increase in compressive strength of the rock. An increase in joint spacing 
triggers both increase and decrease trends in both MFS and PPV. while there is an increase in joint angle, 
MFS and PPV decrease. 

keywords: Mean fragment size (MFS), Peak particle velocity (PPV), Joint angle, Joint spacing, Proto-
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I. Introduction

rock fragmentation has a central influence on overproduction and mining costs. Blasting is 
one of the essential techniques for achieving desired rock fragmentation in all open cast mines. 
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the efficiency of the utilisation of explosive energy will contribute to significant improvement 
in fragmentation. 

there are other undesirable effects of blasting with regard to safety, like ground vibration, 
fly rock, fumes and air blast, which create a nuisance to nearby residents. improvements in blast 
performance can be obtained by balancing the explosive energy to the rock strength, optimum 
dimensions & geospatial position of blast hole and other blast design parameters. the optimisa-
tion also contributed to the synergy of fragmentation coupled with avoidance of harmful effects. 
thus, creating harmony between the mining community and the general society.

the explosive energy utilisation that impacts rock fragmentation and induced ground vibra-
tion mainly depends on two sets of variables: rock mass properties and blast design parameters. 
the rock mass properties play a crucial role, and they are uncontrollable. the presence of geo-
logical discontinues in a rock mass impacts blasting and its rock fragmentation [1]. Peak Particle 
Velocity (PPV) is influenced by rock mass properties [2]. 

the examination of rock conditions helps the user to adopt suitable blast design parameters 
accordingly. Mean fragmentation Size (MFS) and PPV increase with the rise in the rock mass 
compressive strength [3]. good compressive strength of rocks up to a point makes the explosive 
energy consumption in rock mass be at a maximum so that rock breakage and fragmentation 
yield economic results. on the other hand, high compressive strength prevents the absorption of 
seismic waves and transmit further. thus, less attenuation in the propagation of the wave in the 
rock produces more PPV.

the higher frequency of joints in rock mass influence both mechanical properties and the 
dynamic response of rock mass [4[. the stress wave immediately slows down and attenuates when 
it encounters any discontinuity in a rock mass [5]. therefore, researching the relation between the 
quality and quantity of rock joints and rock mass strength is of paramount importance [6]. Joint 
presence in rock formation poses an impact on rock MFS, as well as on the safety of a blast [7]. 
Many research studies revealed that the natural block size of rock mass has a significant influ-
ence on rock fragmentation [8-12]. Similarly, rock joints have a prominent effect on shockwave 
propagation after blasting [13]. the transmission of stress wave is more affected by open and 
filled joints rather than tight joints. Both the open and filled joints instigate an acoustic imped-
ance discrepancy and make the stress waves return. whenever a blast hole is intersected by an 
open joint, or there is more space between joints in the rock, the gases after explosion expand the 
joint by a wedging action, causing it to escape. if the joint expands from the blast hole wall to the 
face or top of the bench, poor fragmentation will result, and that place can neither be drilled and 
blasted again nor handled by direct digging due to the existence of large-sized boulders and toe. 
with the increasing joint gap size, the PPV pulse width and the amplitude reduce linearly as we 
move away from the site of the blast [14]. Similarly, natural spacing in unfilled joints obstructs 
the transmission of waves further. Filled joints create a path to disseminate seismic waves from 
one end to another. A void in the joint attenuates completely and is reflected when hitting the joint. 

Many researchers derived their investigation with remarkable variations in stress wave 
propagation, fracture appearance and crushing area size on all sides of blast hole for open or 
filled and closed joints [15-17]. the amount of yield produced by the blast is also lower as the 
transmission of radial cracks is cut off by the cavities [18]. gas pressure immediately decreases 
as the blasthole interchanges with space and stops the spreading of the fractures, while the gases 
runoff towards the gap in joints. the stress wave attenuation rate in joints depends on the inci-
dence angle concerning the joint face [19-21]. in summary, rock joint spacing acts as a filter to 
stop seismic wave propagation.
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Besides joint spacing, the effect of joint orientation on mean fragmentation size is also 
important [22,23]. in several cases, the rock fragmentation was significantly influenced by 
the direction of a blast with respect to the joint plane. Poor rock fragmentation resulted when 
the direction of wave propagation was oblique to the joint plane, and good rock fragmentation 
was obtained when the blast was parallel to the plane of weakness. Many cases revealed better 
fragmentation with the direction of the free face parallel to joint planes [24,25]. the shape of 
the cavity produced after the blast is influenced by the direction of the free face concerning its 
planes of weakness [26]. it was also indicated that rock fragmentation intensity and regularity 
in the fracture of the anisotropic form will be controlled by the orientation apropos to charge 
space and the free surface.

the joint angle also impacts ground vibration along with fragmentation. An increase in 
joint angle is capable of bringing change in attenuation rate of vibration velocity, thus change 
in joint angle has a good enough impact on the blast vibration [27]. the association between 
a blast stress wave and rock joint will depend on the touching angle, wave type, and mechanical 
characteristics of the joint that can dispel the blast energy [28-30]. A divergent angle regarding 
rock joint will source divergent stress wave attenuation. generally, normal angle 900 causes the 
attenuation of stress waves to occur rapidly [31]. the transference coefficient repetitiously re-
duces with rising incident angle, while the backscatter coefficient rises evenly up to the incident 
angle and proceeds towards the critical angle at 900 [32]. thus, the incident angle was affected 
by wave transference and backscattering.

2. objectives of the study

•	 To	investigate	the	effect	of	joint	spacing,	joint	angle,	and	rock	compressive	strength	on	
mean fragmentation size.

•	 To	investigate	the	effect	of	joint	spacing,	joint	angle	and	rock	compressive	strength	on	
ground vibration (Peak particle velocity).

3. field description & research methodology

to meet the objectives of the research, a field study was conducted at opencast mine i, 
ramagundam region iii areas, Singareni collieries company limited, in telangana, india. twenty-
six blasts data were obtained from six different benches in two phases viz fifteen blasts in phase-i 
and eleven blasts in phase ii, collected from oB Shovel bench.

the study benches were 17 meters high. rock strata were friable and consisted of sandstone 
and alluvium soil. the diameter of the blast hole was 250 mm and a depth of 18 meters. the 
explosive was Site Mixed Emulsion (SME). the drilling pattern was square, and the firing pattern 
was a line initiated with a cast booster and nonEL initiation system. the density of sandstone 
was 2.3 g/cc. the mine site, oB bench, Blast site, and Blast parameters measurements are shown 
in figures 1 to 4, respectively.

Blast design parameters, including a burden (m), spacing (m), blast hole length (m), blast 
hole diameter (mm), total explosive (kg), charge per hole (kg), stemming length (m), firing pat-
tern and structural properties like joints, were collected during the initial visit. Every blast was 
photographed with a suitable camera in daylight to analyse fragments size in FrAgALySt 
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SoFtwArE. twenty-six trial blasts were conducted to observe the impact of joint spacing, 
joint angle, rock compressive strength on fragmentation and ground vibration in 20 days. the 
joint spacings were analysed, measured manually and using face photographs in FrAgALySt 
SoFtwArE. there were two sets of joints observed, one almost parallel to the horizontal and 
another vertical at faces. 

the geological condition of rock mass was isotropic in all directions in the area. to maintain 
uniformity in the observations, vibration monitoring, in particular, the locations of the observa-
tion point were chosen at the same angle to the blast site. Any small effect of the differences in 
the angle has been ignored. the samples regarding rock properties were collected at the benches 
randomly at experimental drilling sites. Vibrations were monitored at distances 300-1500 m 
randomly from the blast site, using an engineering seismograph (MiniMAtE). 

A design of the blast is created using o-PitBLASt software. the design encompasses vi-
bration attenuation and prediction. o-PitBLASt works on the rEniShAw laser 3d technique 
in transforming a view of the design into a multidimensional visualisation that brings a more 
realistic representation of the blast. required software supporting files obtained from AutoCAd 
123d from converting 2d photographs into 3d coordinates. the blast hole charging length was 
18 m, where the alternative explosive charge was 4.5 m, and decking & stemming was 1.5 m & 
3.5 m, respectively. Similarly, the hole-hole delay used was 17 ms, and the row delay was 42 ms. 

Fig. 1. overall picture of mine from view point Fig. 2. oB sandstone bench

Fig. 3. Blast site Fig. 4. Burden & spacing measurement
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the decking was maintained six times to the hole diameter to avoid sympathetic detonation 
between two charges. Pattern simulation and blast hole charge are shown in figure 5 designed 
in o-PitBLASt.

Fig. 5. Blast design in o-PitBLASt

All blast design parameters are synchronized by the software as per the actual structural 
and mechanical properties of the rock mass. the interface has the intelligence to check infor-
mation like a flaw in connections, overcharge, burden distribution, hole inclination, stemming, 
deck misplacement, and structural problems within the vicinity of the blast. After correcting the 
discrepancies, the software allows the user for further analysis. the picture shown in figure 6 
was iterated several times to avoid errors and arrive at a successful blast design.

Fig. 6. Final design and software check for problems

3.1. Rock compressive strength test

Protodyakonov strength index test gives compressive strength of rock material in a hassle-free 
manner. the apparatus shown in Fig. 7 is used to find the compressive strength of rock. Six sets 
of sandstone samples were collected between the blast hole site and observation area at random. 
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Weighing	100	g	at	a	size	range	of	21	≥	22	mm,	each	of	the	samples	were	taken	to	a	Protodyakonov	
strength index test apparatus. A 1.8 kg weighted plunger was dropped from a height of 0.64 m for 
20 blows (n) which crushes material. the broken material was then moved into a 0.5 mm sieve. 

Suitable rock pieces passing the sieve were poured into a volume-meter for measuring 
column height (h). 

Protodyakonov strength index (PSi) test strength index value is then obtained from the 
formula.

PSi = 20 n/h. the relation between Protodyakonov strength index and compressive strength 
can be estimated with the relation uCS = PSi × 100 kg/cm2.

Fig. 7. Protodyakonov strength index test apparatus

3.2. Joint analysis in fRAgALYst

FrAgALySt software was used for joint analyses and fragmentation analysis. Joint angle, 
spacing, and in-situ block size distribution (iSBd) curves are used to analyse joint influence, 
similarly, blasted block size distribution (BBSd) curves for fragmentation analyses. initially, 
joints were analysed by image analysis using three steps 1) Photograph import and setting scale 
value b) Marking of joints on the photograph as per visual appearance c) image delineation & 
iSBd Curve output.

iSBd is the assessment of the size of the naturally formed block. this is the block formed 
with the intersection of the joint faces. it is needed to be estimated to know its relation to the 
fragmentation desired and the effect on blast performance. the procedure for joint analysis is 
shown in Figs 8 to 9.
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Fig. 8. Sandstone bench photographs

Fig. 9. Joint analysis in Fragalyst 4.0

3.3. fragmentation analysis in fRAgALYst

For analysing rock particle size, the image analysis processing method was used in FrA-
gALySt software. the software works on the rosin-rammler model to analyse particle size 
distribution in this software. All bench face photographs were captured with a suitable camera; 
orange-coloured balls were used as an object for scaling purposes shown in figure 10(a). initially, 
photographs were imported into FrAgALySt software and after a scale value was set. upon 
threshold selection, edges of fragments detected as shown in figure 10(b), further image delinea-
tion process done as shown in figure 10(c) and then delineated images was sieved to obtain final 
BBSd curve shown in figure 10(d).

3.4. ground vibration measurement:

the ground vibration was measured using an engineering seismograph, as shown in Fig. 11. 
to maintain direct contact with the Earth, a transducer is attached to spikes and are pushed firmly 
into the ground surface. the maximum charge per delay and measuring distances are 350 to 450 kgs 
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and 300 to 1500 meters, respectively. For every blast, generated vibration data is exported and 
saved. during the blasts, the seismograph recorded PPV for longitudinal (r), vertical (V), and 
transverse (t) Components, vector sum velocity (VS) shown in the table.

Fig. 11. Seismograph measuring the ground vibration

the trends of PPV vis-a-vis scaled distances are shown in Fig. 12. the trends were generated 
based on monitored vibration data such as PPV and peak vector sums of transverse- longitudinal-

Fig. 10. (a) imported photograph with scale, (b)&(c) delineation of photograph, (d) BBSd Curve
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vector directions, the maximum charge per delay, and measured distances in the software. the 
method used for the regression model was the least-squares method with logarithmic mode. 
regression executed with the confidence levels of 50% and 95% for determinating the blast 
vibration estimation in the best fit.

Fig. 12(a-c). trends of PPV and scaled distance for longitudinal, transverse and vertical in o-PitBLASt

Figures 12(a-c) shows the relationship obtained between the scale distance (Sd) and PPVs 
based on the attenuation equation presented in equation (A&B). the trend shows a clear direct 
relation that exists among the variables. PPV decreases with an increase in scaled distance (distance 
and maximum instantaneous charge) in all three directions longitudinal, transverse and vertical.

new attenuation law produced by a least-squares method based on Charles h. dowding 
(1985) Equation (1).

 U = a(R/W 1/2)m (1)

where 
 U — Peak particle velocity, 
 R — distance from blast, 
 W — Maximum instantaneous charge, 
 SD — Squared distance
 a, m — terrain influence factors, 

SD = r/w1/2
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using equation (1) modified attenuation law created by software for oCi, rgiii, SCCL 
shown in equations (A&B) with confidence levels 95% and 50% respectively.

 PPV (95%) = 360 Q0.55 D–1.22 (2)

 PPV (50%) = 225 Q0.55D–1.22 (3)

hence new site constants at 95% confidence level for the study site were K: 360, α: 0.55, 
β: –1.22K, α and β are terrain influence factors

Fig. 13. PPV predicted values in o-Pitblast

Figure 13 is showing the contours of vibration both the monitored and predicted. the pre-
dicted values are close to real values as given in table 2.

4. Results and discussions

4.1. Relation between rock property and fragmentation

the relationship between various blast design parameters and results derived from the table 2 
are given in figure 14(a-d). 

it is evident from Fig. 14(a) that as the compressive strength increases the ranges between 
2000 kg/cm2 and 23350 kg/cm2 (with an increase in uCS), the MFS also increases, which is 
similar to the other studies. to maintain the required MFS, it is necessary to understand the rock 
strength and accordingly plan for the blast design parameters.

the increase in rock strength it is well known that due to compactness of rock mass in-
creased that resulted in better utilisation of explosive energy. however, when the compressive 
strength increased from 2350 kg/cm2 to 3250 kg/cm2, it improved the dynamic properties of the 
rock mass. thus the MFS increases.

the graph clearly depicts in Fig. 14(b) that the dynamic response of the rockmass was in-
fluenced by the frequency of the fractures. when joint spacing increased from 0.20 m to 0.45 m 
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Fig. 14(a). relation between MFS & Compressive Strength

Fig. 14(b). relation between MFS & Joint Spacing

Fig. 14(c). relation between MFS & Joint angle
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(number of joints per length, decreasing), the MFS showed a decreasing trend. this trend may be 
due to less wastage of explosive energy through cracks and joints. while the joint space increased 
beyond 0.45 m to 0.8 m (number of joints further increasing), the MFS also increased due to the 
improved rock mass conditions. 

it is evident from Fig. 14(c) that as the joint angle rises, the MFS reduces gradually.this is 
due to the decrease in the in-situ block sizes with respect to the location of blast holes.

From Fig. 14(d), it is evident that the in-situ block size distribution (iSBd) has a direct 
relation with the Blasted block size distribution(BBSd). As the iSBd increases, the BBSd also 
increases. here the phenomenon is observed, the change in the utilisation of explosive energy to 
the structural features of the rock mass. 

Fig. 14(d). relation between BBSd & iSBd

4.2. Relation between rock property and ground vibration

the relationship between various blast design parameters and results are derived from table 2 
and given in figure 15(a-e).

it is evident from Fig. 15(a) that as the compressive strength of rock increases, the PPV 
also increases. initially, the curve showed a slight increase in PPV, this was due to the rock mass 
joints absorbing some of the vibrations, probably from the effect of the joints in the rockmass. 
After a certain point, the PPV is increased as the uCS does because of reduction in the joints 
high rock compressive strength acted as a scaffold to PPV for forwarding ahead without any 
interruption. 

the graph drawn between PPV and Joint spacing in Fig. 15(b) reveals a negative relationship 
at lower joint spacing. At a joint spacing of 0.15 m to 0.40 m, PPV is reducing linearly with the 
increase in the joint spacing (less number of joints in unit length). the reason for this reduction 
in PPV could be understood as attenuation due to joints. Later at a joint spacing of about 0.45 m 
to 0.60 m, the PPV is increasing. there is less attenuation because there are fewer interruptions 
along linear dimensions. the increase in joint space also has the effect of an increase in com-
pressive strength.
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Fig. 15(a). relation between PPV & Compressive Strength

Fig. 15(b). relation between PPV & Joint Spacing

Fig. 15(c). relation between PPV & Joint angle
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As Fig. 15(c) shows, when the joint angle increases, the PPV decreases. the joint angle 
affects the layer of rock in which elastic waves reflect, and therefore the receiving PPV trans-
mission is reduced.

From Fig. 15(d), it is evident that the maximum charge per delay (MCPd) in the range of 
350 kg to 380 kg, the PPV is almost constant. this is because, at this range, the energy liberated 
from the explosive is mostly utilised in breaking the rock or getting dissipated. thus there is not 
much increase in PPV. Beyond 400 kg of MCPd, the PPV is increasing linearly as the MCPd 
increases.

it is evident from Fig. 15(e) that the PPV level is very high nearer to the blasting area and 
slowly reduces as distance increases. it is because of the dissipation of energy in the rock mass 
with distance. the linearity of the dissipation shows that the rock is isotropic in nature around 
the blast area.

Fig. 15(d). relation between Maximum Charge per delay & PPV

Fig. 15(e). relation between distance & PPV
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5. conclusions

the following can be concluded from the study:
•	 The	 increases	 in	 rock	compressive	strength	are	shown	 in	 two	variant	 trends,	 such	as	

increase and decrease in MFS. PPV constantly increases with an increase in the compres-
sive strength of the rock.

•	 Joint	spacing	increases	show	two	variant	trends,	such	as	increase	and	decrease	in	both	
MFS and PPV.

•	 As	the	joint	angle	increases,	MFS	and	PPV	decrease.
•	 Mean	fragmentation	size	and	ground	vibration	decrease	with	an	increase	in	joint	angle.
•	 The	ground	vibration	level	increases	with	an	increase	in	maximum	charge	per	delay.
•	 Predicted	PPV	values	from	contour	lines	in	O-PITBLAST	are	very	close	to	the	real	data	

with the new attenuation law for oC-1, rgiii, SCCL, telangana state, india.
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