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Synopsis

Muckpile fragmentation formed by blasting depends on the specific charge factor, the discontinuities
in the rock mass, and the rock strength. Determination of the discontinuity characteristics and rock
strength is a long and difficult process. These two parameters are directly associated with the rock
drilling speed. Therefore, it is the drilling speed of the machine used for the blast-hole, rather than the
blasthole discontinuity characteristics and rock strength parameters, that is used in the prediction of
muckpile fragmentation before blasting. Primarily, it has been suggested that the muckpile fragmentation
values can be correctly determined by establishing correlations between the efficiency of the loader
and muck pile fragmentation, since fragmentation is directly correlated with the former parameter.
Subsequently, a correlation predicting the drilling speed of the drill machine was developed according
to the discontinuity characteristics of the blasting surface and the rock strength. Finally, a correlation
was developed predicting muckpile fragmentation according to the specific charge factor and the drilling
speed of the drill machine The data was obtained by conducting blasting tests in two different limestone
quarries.
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Introduction

Muckpile fragmentation by blasting in open quarries determines the efficiency of the loading,
transportation, and crushing processes that constitute the subsequent phases. Therefore, it is important
to properly predict muckpile fragmentation before blasting. Many researchers have conducted studies
related to the subject (Langefors and Kilhstrdm, 1963; Bergmann, Riggie, and Wu, 1973; Rustan, 1981;
Grady and Kipp, 1987; Persson,Holmberg, and Lee, 1994; Cunningham, 1983, 1987; Chung and Katsabanis,
2000). In all of these studies, the parameters determining the specific charge factor, rock strength, and
blasting surface discontinuity characteristics were used.

While calculating the specific charge factor values in the blasting operations is easy, it is difficult
to determine the rock strength and the blasting surface discontinuity characteristics in site conditions.
The values of rock strength are determined by applying certain tests in a rock mechanics laboratory to
samples from the site. However, the measurement of the discontinuity values using a measuring tape and
compass can be a long and tiresome process.

The discontinuity characteristics of the blasting surfaces are found according to the method
developed by Lilly, (1986). In this method, the vertical discontinuity interval and the discontinuity plane
angle are defined as the discontinuity characteristics. The vertical discontinuity range is defined by the
length of the blasting surface per fissure, while the discontinuity plane angle is the difference between the
dip direction of the blasting surface and that of the crack surfaces. This difference determines whether
the planar angle remains inside the surface or not.

There is a direct correlation between the rock drilling speed and the rock mass characteristics (the
rock strength and discontinuity characteristics) (Hoseinie, Aghababaei, and Pourrahimian, 2008; Teale,
1965; Selim and Bruce, 1970; Wilbur et al., 1982; Howarth, Adamson, and Berndt, 1986; Jimeno Jimeno,
and Carcedo, 1995; Kahraman, 1999).

Therefore, before blasting, the value of the blast-hole drilling speed can be used instead of the rock
strength and the discontinuity characteristics of the blast-hole surface in the correlations predicting
muckpile fragmentation. Thus, the effect of the rock strength and blasting surface discontinuity
characteristics on fragmentation can be determined both faster and easier.

In this study, blasting tests were conducted in two limestone quarries. In all the tests, the rock
strength, blasting surface discontinuity characteristics, speed of drilling, specific charge factor values,
muckpile fragmentation, and efficiency of the loader were measured. Primarily, it was assumed that the
muckpile fragmentation values could be determined correctly by establishing correlations between the
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efficiency of the loader and muckpile fragmentation. This relates in order to ensure that very fine fragments were used in the

to the fact that even if the loader is burdened by the increase of calculation (Tosun, 2018). The results are presented in Table IV.
muckpile during loading, the loader operates more easily, and The size values related to the eighth blast test conducted in

this is emphasized also by many researchers (Singh and Yalcn, the second quarry could not be determined due to a data

2002; Osanloo and Hekmat, 2005; Sar1 and Lever, 2007; Segarra storage problem.

et al., 2010). In addition, a correlation between the drilling speed,
strength and blasting surface discontinuity characteristics was
established. In the final phase, a correlation between the muckpile
fragmentation due to blasting, the specific charge factor, and the
drilling speed was determined.

Field and laboratory studies

Blast tests were conducted in two limestone quarries in Izmir,
Turkey. Eighteen blasting tests in total were conducted: eight in
the first quarry and 10 in the second. The locations of the sites are
shown in Figure 1.

The discontinuity characteristics, speed of drilling the blast-
holes, specific charge factor, size distribution of the muckpile, and
oil pressure in the hydraulic pistons of the loader (which indicate
the efficiency of the loader) were precisely measured. The density
and uniaxial compressive strength of the rock of both limestone
quarries were determined in the laboratory.

Discontinuity range of the blasting characteristics

The vertical discontinuity range of the blasting surfaces, and
dip direction and angles of the joints, layering, and the blasting

Figure 1—The study areas

surfaces were Measured. A tape was used to measure the vertical

discontinuity ranges, while a compass was used to determine the Ta.blel o ) )
dips and dip directions. It was observed that the layering has more Discontinuity properties at the study sites
influence on the blasting surfaces than the joints. Therefore, the Test
difference between the dip direction of the blasting surface and ey CS < 1 b b
that of the stratification surfaces was calculated. The results are Quarry no. 1
given in Table L.
1 6231 | 137/72-219/76 323/44 150/85 173
Drilling Speed 2 45.67 | 115/68-221/77 323/13 158/80 -165
Blasting operations in both quarries were conducted by drilling 3 3421 | 215/85-165/63 280/23 144/82 136
blast-holes 89 mm in diameter. The total length of.holes drilled 4 42.97 | 50/75-158/76 34029 160/80 180
for each blast test and the working hours of the driller were 66 1517377/ 27626 8 ,
recorded. These values were averaged in a very precise manner by > 09 Shlkaliti / 75 >
conducting observations until the end of the process in each test. 6 2234 | 198/82-58/83 | 302/28 130/85 172
The drilling speed was also obtained by dividing the total length of 7 40.16 | 213/78-107/70 309/40 130/84 -179
the holes by the working hours (Table II). 3 25.62 | 179/84-85/79 203/23 120/85 173
Specific charge factor Quarry no. 2
The weight of the fragmented material from each blast was ! 35.00 129/60 254/30 65/82 189
measured using a weighbridge and the total material volume 2 39.72 126/65 260/30 66/33 194
calculated using this value and the unit volumetric weight. The 3 51.90 145/65 247/30 40/82 207
specific charge faqor values were determme.d by dividing the total 4 843 158173 24730 45/83 20
amount of explosive used by the total material volume (Table III). . 0 .
ANFO was used as the explosive in the blasting operations and > 4759 124/54 23830 45/82 9
nitroglycerin-based dynamite was used to trigger the ANFO. 6 38.60 129/55 240[30 51/81 189
S , , . 12 231/30 8/81 -18
Determination of muckpile fragmentation ’ 53 oSS 3 l :
. oy . 8 37.62 152/68 190/44 330/82 140
The pile from each blast was divided into sections and . 88120/6 . . .
photographs of the sections, separated in a manner representing ? #“78 | 335/88129/63 21831 35/82 193
the entire pile, were taken. The size distributions were determined 10 47.06 144/56 215/31 35/83 -180
by the image analysis using WipFrag programme. Finally, the size vs: Discontinuities range (cmj/crack)
distribution values representing the entire pile were determined ¢: Inclination direction / inclination angles of the joints
on average for all blasting tests by combining the size distribution L Inclination direction / inclination angles of the layering
. o b: Inclination direction / inclination angles of the blast surfaces
values from each photograph. The size distribution values were sa: Difference of inclination direction angles of blast surfaces and
determined for each blasting test using the new model developed layering
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Table I1
Drilling speeds
Test h t m dv
no.
Quarry no. 1
1 30 342.0 10318 0.552
2 20 212.0 6.879 0.514
3 20 192.0 6.316 0.507
4 12 122.4 3.790 0.538
5 18 167.4 5.684 0.491
6 18 248.4 7.710 0.537
7 20 338.0 10.631 0.530
8 12 127.2. 3.940 0.538
Quarry no. 2
1 6 78.0 1.533 0.848
2 7 86.1 1.651 0.869
3 20 284.0 5.384 0.879
4 18 255.6 4.952 0.860
5 56.4 1.100 0.855
6 96.6 1.857 0.867
7 18 252.0 4.881 0.860
8 6 85.2 1.651 0.860
9 7 98.0 1.926 0.848
10 7 98.7 1.926 0.854

h: Number of blast-hole

t: Total blast hole length drilled (m)

m: Operating time of the drilling machine (h)

dv: The drilling speed of the drilling machine (m/min)

Hydraulic pressure in the loader

With increasing muckpile fragmentation, the forces on the loader
will increase. The pressure in the hydraulic cylinders of the loader
will vary according to the size distribution of the material during
loading, and these variations indicate the efficiency of the loader.
The pressure values were recorded using the image processing
technique of (Tosun et al., 2012). This data could not be measured
in the first test in the first quarry due to some field problems. The
hydraulic pressure values were recorded until the entire pile had
been loaded. The results are shown in Table V.

Laboratory studies

Uniaxial compressive strength tests were carried out on the core
samples from the sites where the blasting tests were conducted.
Unit volumetric weights of the core drilling samples were
determined with a precision balance and digital calipers and their
densities measured with a helium pycnometer. The results from
the laboratory studies are given in Table VI. The table also shows
the number of tests performed and the standard deviation values.

Assessment

A relationship, was established between the three pressure
variations that occur in the hydraulic pistons of the loader during
loading and the average size distribution of the pile (Table VII,
Figures 2 and 3). Because the loading work is performed by
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Table ITI
Specific charge factors
Test no. Specific charge factor (kg/m?)
Quarry no. 1
1 0.502
2 0.422
3 0.454
4 0.401
5 0.469
6 0.598
7 0.603
8 0.475
Quarry no. 2
1 0.372
2 0.287
3 0.318
4 0.406
5 0.466
6 0.387
7 0.344
8 0.362
9 0.329
10 0.379
Table IV

Muckpile fragmentation values calculated using Wipfrag

software (X,,) (Tosun, 2018)

Test no.

Fragmentation (X,

., Cm)

Quarry no. 1

16.73

(8]

18.23

18.19

18.80

16.34

15.15

15.73

® |9 || | W

16.40

Quarry no. 2

18.60

[}

19.70

19.20

17.35

16.70

17.10

19.10

O || || | W

18.90

17.80
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Table V
Data determining loader efficiency

Table VII

Values measured for determining loader hydraulic pressure
and average muckpile fragmentation (X))

Test | Loader hydraulic pressure (kg/cm?) nd ma
LD fp ‘ bp ‘ ac ‘ be ‘ Total

Quarry no. 1
1 - B - - - - 5512.33

2 192.46 | 185.83 | 12.09 | 14.67 | 405.04 | 138712 | 4156.98

3 181.20 | 183.83 | 556 | 23.42 | 394.02 13812 3721.76

4 189.24 | 193.02 | 9.74 | 8.09 | 400.10 | 12060 | 2447.66

5 17272 | 17719 | 780 | 10.83 | 368.54 | 91048 | 3167.98

6 161.10 | 160.85 | 4.83 | 9.42 | 336.21 | 146380 | 3814.88

7 165.56 | 169.85 | 731 | 10.69 | 353.41 85828 | 5987.43

8 169.82 | 176.69 | 5.53 | 8.10 | 360.14 | 59060 | 2272.54

Quarry no. 2

1 149.39 | 152.43 | 721 | 6.44 | 315.47 | 162804 | 2343.94

2 152.27 | 156.58 | 10.00 | 14.90 | 333.70 | 240232 | 2350.10

3 149.11 | 161.90 | 813 | 6.72 | 325.90 | 241640 | 7816.74

4 128.13 | 140.73 | 6.69 | 6.53 | 282.09 | 447308 | 4965.16

5 116.60 | 119.19 | 5.08 | 4.26 | 24512 | 188868 | 995.80

6 137.76 | 139.52 | 7.86 | 535 | 290.49 | 149328 | 2084.94

7 147.60 | 151.61 | 7.53 | 1523 | 32L.97 85172 | 5861.80

8 146.34 | 150.66 | 8.62 | 6.588 | 312.20 | 146652 | 1673.46

9 147.99 | 160.10 | 7.39 | 8.65 | 324.10 | 197844 | 2653.40

Total of loader Muckpile fragmentation
Test no. | hydraulic pressures | values calculated according
(kg/cm?) to Wipfrag software(X_,, cm)
Quarry no. 1

1 - 16.73

2 405.04 18.23

3 394.02 18.19

4 400.10 18.80

5 368.54 16.34

6 336.21 15.15

7 35341 15.73

8 360.14 16.40

Quarry no. 2

1 315.47 18.60

2 333.70 19.70

3 325.90 19.20

4 282.09 17.35

5 245.12 16.70

6 290.49 17.10

7 321.97 19.10

8 312.20 -

9 324.10 18.90

10 300.88 17.80

10 140.05 | 14813 | 6.79 | 5.91 | 300.88 | 234232 | 2305.12

fp: Front pump, bp: Back pump, ac: Arm closure, bc: Bucket closure,
nd: Total number of data, ma: Amount of loaded material (t)

Table VI
Physical and mechanical properties of the samples

Quarry no. 1 Quarry no.2

Density (gr/cm?)
Average 2.74 + 0.002 2.70 + 0.0025
No. of tests 18 21
Unit weight (gr/cm?)
Average 2.65+ 0.07 2.64+ 0.004
No. of tests 17 24
Uniaxial compressive strength (MPa)

Average 38.004+ 1.75 20.3325+ 2.07
No. of tests 15 20

different loaders, the relationships were established separately
for each site.

Figures 2 and 3, show strong relationships between total
pressure values in the hydraulic pistons of the loader and the
average size distribution of the pile. This indicates shows that the
values of muckpile fragmentation that occurs because of blasting
are determined correctly.

» 668 NOVEMBER 2022 VOLUME 122

In the second part of the assessment, a correlation predicting
the drilling speed values was developed by conducting a
multiple regression analysis between the discontinuity values
of the blasting surfaces and the uniaxial compressive strength
values of the rock (Table VIII, Equation [1]). The discontinuity
characteristics of the blasting surfaces, the vertical discontinuity
range, the blasting surface, and the difference in slope direction
angle between the layers were used. It was determined that the
layers are denser on all blasting surfaces compared to the joints.

dv = 1.1486 + (0.000424 * vs) + (0.000357 * [
sa) — (0.018376 * o)

dv = Drilling speed of the drilling machine (m/minute)

vs = Vertical discontinuities range (cm/crack)

sa = Difference between inclination direction angles of
blast surfaces and layers

o = Average uniaxial compressive strength of the rock (MPa).

Drilling speeds were measured and calculated according to
Equation [I]; the percentage errors are given in Table IX. The
proximity of the said data-sets to each other is shown in Figure 4.
The slope of the linear vector in this case is 45°.

As understood from Table IX and Figure 4, very small errors
were determined between the drilling speed values measured
and those that were calculated according to Equation [1]. This
shows that the drilling speed parameter is directly associated with
the discontinuity characteristics of the blasting surfaces and the
uniaxial compressive strength values of the rock.

The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 3—Relationship between total of loader hydraulic pressure values and average muckpile fragmentation values (X, ) for quarry no. 2

In the last phase of the assessment, a correlation predicting
the average size distribution value of the pile was determined
using the drilling speed and the specific charge factor (Table X and
Equation [2]).

X, = 2622 —(2.20 *dv) — (16.56 * q) [2]

X, : Muckpile fragmentation (cm)

dv : The drilling speed of the drilling machine (m/minute)
q : Specific charge factor (kg/ms)

The measured and calculated values of the average size
distribution of the pile according to Equation [2] and the
percentage errors between them are given in Table XI. The
proximity of the data-sets to each other is shown in Figure 5. The
slope of the linear vector in this case is 45°.

As understood from Table XI and Figure 5, very small errors
were determined between the measured values of the average size
distribution of the pile and those calculated according to Equation
[2]. This condition shows that the average size distribution values
of the pile are directly associated with the drilling speed and the
specific charge factor.

In this study, the drilling speed values were used to determine
the average size distribution after blasting rather than the
discontinuity characteristics of the blasting surfaces and the
uniaxial compressive strength of the rock. As is known from the

The Journal of the Southern African Institute of Mining and Metallurgy

literature, the determination of the discontinuity characteristics
of the blasting surfaces is both difficult and time-consuming,
Therefore, the correlations predicting the size distribution may
give wrong results. This study tried to eliminate the misprediction
of muckpile fragmentation.

The drilling speed values were measured as the values close to
each other in the tests performed. It is important to carry out the
study with rock and field characteristics that are different from
each other.

Conclusion

In this study, 18 blasting tests in total were conducted: 8 tests in
the first limestone quarry and 10 in the second limestone quarry.
The rock strength, blasting surface discontinuity characteristics,
speed values of the blast-hole driller, specific charge factor
values, muckpile fragmentation, and efficiency of the loader were
measured.

Primarily, for ascertaining whether the muckpile
fragmentation values are determined correctly, correlations were
established between the efficiency of the loader and muckpile
fragmentation separately for both work sites since the material
loading was conducted in both quarries by loaders of different
characteristics. The correlation was determined to be 95.24 for the
first and 87.69 for the second limestone quarry.

VOLUME 122 NOVEMBER 2022 669 «
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Table VIII

Discontinuity properties, average uniaxial compressive
strength of the rock, and the drilling speed of the study sites

Test no. ‘ Vs ‘ sa o dv
Quarry no. 1
1 62.31 173 0.552
2 45.67 165 0.514
3 34.21 136 0.507
4 42.97 180 0.538
5 26.65 159 38.00 0.491
6 22.34 172 0.537
7 40.16 179 0.530
8 25.62 173 0.538
Quarry no. 2

1 35.00 189 0.848
2 39.72 194 0.869
3 51.90 207 0.879
4 48.43 202 0.860
5 47.89 193 0.855
6 38.60 189 2033 0.867
7 49.53 183 0.860
8 37.62 140 0.860
9 44.78 183 0.848
10 47.06 180 0.854

vs: The discontinuities range (cm/crack)

o: Average uniaxial compressive strength of the rock (MPa)

sa: Difference between inclination direction angles of blast surfaces and
layers

dv: Drilling speed (m/min)

0900
0.850
0.800
0.750
0.700
0.650
0600
0.550
0500
0450

The first limestone
quarry

The drilling measured (m/minute)

0.550

0450

0.650

Table IX

Drilling speed values measured and calculated according to
the proposed equation

Drilling speed Drilling speed'
Test no. measured caleulated according Error (%)
(mjmin,) to th.e proposc'ed
equation (m/min.)
Quarry no. 1
1 0.552 0.538 2.523
2 0.514 0.529 2.909
3 0.507 0.513 1326
4 0.538 0.533 1.016
5 0.491 0.518 5.607
6 0.537 0.521 2.938
7 0.530 0.531 0.254
8 0.538 0.523 2.813
Quarry no. 2

1 0.848 0.857 1.099
2 0.869 0.861 0.927
3 0.879 0.871 0.936
4 0.860 0.868 0.861
5 0.855 0.864 1.132
6 0.867 0.859 0.938
7 0.860 0.861 0.101
8 0.860 0.841 2.225
9 0.848 0.859 1.331
10 0.854 0.859 0.600

The second limestone

quarry

y=Ix
R2=09946

0.750 0.850

The drilling speed calculated according to proposed equation

(m/minute)

Figure 4—Relationship between the drilling speeds measured and calculated according to the proposed equation

A correlation predicting the drilling speed of the driller
according to the rock strength and the blasting surface
discontinuity characteristics was then established. It was shown
that the correlation obtained gave correct results with a value of
99.46%.

In the final phase, a correlation determining muckpile
fragmentation due to blasting according to the specific charge
NOVEMBER 2022
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factor and the drilling speed was established. It was shown that
this correlation has given realistic results on a scale of 86.42%.
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