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ABSTRACT

Twenty production blasts in two open pit mines were monitored, in rocks with medium to
very high strength. Three different blasting agents (ANFO, watergel and emulsion blend)
were used, with powder factors ranging between 0.88 and 1.45 kg/m°®. Excavators were front
loaders and rope shovels. Mechanical properties of the rock, blasting characteristics and
mucking rates were carefully measured. A model for the calculation of the productivity of
excavators is developed thereof, in which the production rate results as a product of an ideal,
maximum, productivity rate times an operating efficiency. The maximum rate is a function of
the dipper capacity and the efficiency is a function of rock density, strength, and explosive
energy concentration in the rock. The model is statistically significant and explains up to 92
% of the variance of the production rate measurements.

1. INTRODUCTION

The knowledge of the parameters with a major effect on the production rate of excavating
equipment is useful in order to optimize the operation, to achieve a production target or to
plan the purchase of new machines. Mining manuals provide loading cycle times or
production rates of excavators as function of the volume of the bucket and a qualitative
description of the ease of excavation of the rock or its diggability (Sweigard 1998, Atkinson
1998). Kuznetsov et a. (1997) use a measure of rock strength to estimate the diggability of
non-blasted rocks. Productivity of excavators has been analyzed from the explosive
concentration angle by Eloranta (1995) and McKenzie et al. (1998), with contradictory results
and remarkable scatter in the data. Other efforts in this area worth mentioning include the
analysis by Brunton et al. (2003) of the influence of the 80 % passing size on the dig time.

Segarra et a. (2010) developed a model of the productivity of excavators as the product
of an optimum mucking rate value times an operational efficiency, a function of rock
properties, blast design and bucket capacity. In that model, the optimum mucking rate is tied
to the efficiency in a site or data-dependent manner, in the sense that the optimum mucking
rate does not depend on any scale parameter — such as some variable related with the size of
the excavator — as it should obviously do. This paper revises Segarra et al.”s model using the
same data, in an attempt to make it more meaningful by incorporating a scale-dependent
variable in the maximum mucking rate.
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2. MEASUREMENTSAND DATA

Data belong to two Brazilian mines. Conceicdo (iron) and Sossego (copper). They
comprise 20 blasts in rocks with medium to very high strength, with three blasting agents,
covering a powder factor span between 0.88 and 1.45 kg/m®. The excavators used to dig and
load the rock were front loaders and rope shovels with nominal bucket payloads of 38, 45.4
and 81.6 tonnes. The trucks capacity was 240 tonnesin all cases.

The levels, rock types and mechanical properties are given in Table 1. The rock samples
were taken in the bench so that their strength is probably lower than the in-situ, undisturbed
rock. Point load strength is the size-corrected value, | 450 (ISRM 1985, AENOR 1996).

Table 1. Rock properties.

Point load strength Density
Mine Bench Rock type MPa kg/m®®)
Conceicéo 820 Hematite 4.8+1.7 35561576
955 Itabirite 3.1+1.0 2880
970 Itabirite 40+1.4 3470
985 Itabirite 5.6+1.0 3725
Sossego 136 Ore 9.3+2.1 3349+212
168 Waste 7.1+1.3 28144270
184 Waste 7.0£2.1 2793+£173
200 Ore 9.4+1.0 3349+212
Waste 7.0+£1.9 2530+ 56
©) Mean and standard deviation.
Table 2. Characteristics of the blasts.
Blast Bench Rock Explosive a, kgm® g kg/m®  t.g ms ts, MS
1 955 Itabirite Watergel 1.02 0.86 42 100
2 985 Itabirite Watergel 1.28 1.13 42 100
3 820 Hematite Watergel 1.03 1.03 42 100
4 955 Itabirite Watergel 1.09 0.86 42 100
5 985 Itabirite ANFO 101 0.82 Det. cord. 200
6 970 Itabirite ANFO 0.98 0.90 Det. cord. 200
7 955 Itabirite ANFO 1.06 0.99 Det. cord. 200
8 985 Itabirite Watergel 131 0.99 42 100
9 970 Itabirite Emulsion blend 145 145 42 100
10 970 Itabirite Watergel 1.00 0.79 42 100
11 970 Itabirite Watergel 117 0.77 42 100
12 200 Ore Watergel 121 1.10 30 75, 100
13 184 Waste Watergel 1.03 0.88 20, 30 75
14 184 Waste Watergel 111 0.98 20, 30 75
15 200 Waste Watergel 121 1.07 0, 20, 30 100
16 136 Ore Watergel 1.03 0.95 30 75
17 200 Ore Watergel 1.05 0.93 20, 30 50, 75
18 184 Waste Watergel 1.06 0.94 20,30 50, 75
19 184 Waste Watergel 1.00 0.88 30 50, 75
20 168 Waste Watergel 0.88 0.75 30 50, 75

q: total powder factor; g: powder factor above grade; t,.r: in-row delays; tg: inter-rows delays



Table 3. Excavator productivity data.

Blast Excavator Bu, t B,m  Mr,t Pr tr, min
1 Bucyrus 295 38.0 21 240 6.9+0.3 3.6£0.1
2 CAT 994 38.0 15 240 6.6+0.1 5.7+0.5
3 CAT 994 38.0 15 240 6.9+0.3 4.3+0.7
4 Bucyrus 295 38.0 21 240 6.7+0.5 34404
5 CAT 994 38.0 15 240 8.1+0.6 9 +0.6
6 Bucyrus 295 38.0 21 240 6.9+0.4 7.1+0.6
7 Bucyrus 295 38.0 21 240 6.7+0.5 6.9+0.8
8 CAT 994 38.0 15 240 7.7£0.1 5.9+0.2
9 Bucyrus 295 38.0 21 240 6.0+£1.0 6.4+1.1

10 Bucyrus 295 38.0 21 240 5.3+0.7 3.3+0.3
11 Bucyrus 295 38.0 21 240 6.1+0.2 3.9+0.2
12 CAT 994 38.0 19 242+5 8.7+0.6 7.0+0.7
13 P&H 4100 81.6 50 23618 4.3+0.6 25104
14 P&H 2300 454 30 234+6 6.7t1.5 4.240.9
15 P&H 2300 454 30 24416 6.3+0.6 4.0+0.3
16 P&H 2300 454 30 24248 7.0£1.0 6.6+0.7
17 P&H 2300 454 30 24445 7.3£0.6 5.8+0.4
18 P&H 2300 454 30 23714 6.3+0.6 4.440.2
19 P&H 2300 454 30 23918 6.7+0.6 451+0.1
20 P&H 2300 454 30 24143 7.0 4.440.1

Bw: Bucket payload; By: Bucket volume; My: mass loaded into the truck; Pr: passes required to load a truck; ty:
truck loading time.

The main characteristics of the blasts are given in Table 2. Additional data are reported in
the work by Segarra et al. (2010). Blasts 1 to 11 are Conceigdo's and 12 to 20 Sossego’s.
Explosives used were ANFO (three blasts), emulsion/ANFO 70/30 blend (one blast) and
watergel (sixteen blasts). The blastholes were bottom-initiated (cast boosters, 450 g in
Conceicao and 1000 g in Sossego). Non-€electric detonators were used, except blasts 5, 6 and
7, where detonating cord was used in the rows and 200 msrelays inter-rows.

Mucking operations were manually monitored in both mines for about 30 minutes per day
during three days following the blast. The excavator and mucking data are shown in Table 3.
Truck loads are nominal for Conceicéo.

3. ANALYSISAND DISCUSSION

The unit operations of a complete loading cycle are: dig, swing, dump, return swing and
bucket spot (Sweigard 1998, Hall 2003). The total time required to fully load a truck, tr is
measured from the first bucket dumping to the last one; this preventsincluding in thistime the
non-productive lapse in which the excavator waits for the truck to be in position (Williamson
et al. 1983, Brunton et al. 2003) but, at the same time, it brings some inconsistency between
the mass loaded onto a truck, Mr, and the actual time for it, since the truck is loaded in Py
passes and the time measured corresponds in fact to Pt -1 passes (see Figure 1). The actual
time for a complete truck loading can thus be estimated as P+/(Pr -1)-tt, and the volume
loading rate is (bank cubic meters, BCM, per unit time, Q):



Loading cycle No. 1 Loading cycle No. 2

Loading cycle No. P

-+ Lol > -+

Dig : Swing i Dump Return: Bucket W—mg Swing | Dump Return: Bucket

Swing: spot | Swing i spot

Chronometer start Chronometer stop
t=0s I=lr s

Figure 1. Unit operations of an excavator.
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where pr is the bank density of the rock.

For the purpose of establishing a relation between the excavator rate and the
characteristics of the rock and the blasting, the rate is assumed to be the product of an ideal
(maximum) rate Q° times an operating efficiency 7:

Q=Q% 2

Q° must necessarily depend on some scale parameter such as the dipper capacity. The
following forms have been tested:

Q°=cBy (3a)
Q% =By (3b)
Q’=c,(By / pr)” (30)

Where By and By are dipper payload and volume respectively. Type of excavator, truck
capacity, excavator/truck matching, loading technique (single or double sided), etc. are aso
variables influencing the maximum rate (Bohnet 1998) but they are not analyzed in this work.

The efficiency depends, according to previous work (Sweigard 1998, Atkinson 1998), on
the dipper capacity and the diggability of the rock. The latter is a function of the rock
properties (Sweigard 1998, Atkinson 1998, Awuah-Offei & Frimpong 2007, Chung &
Katsabanis 2008) and of the fragmentation and heave achieved by the blast (Williamson et al.
1983, Hendricks et al. 1990, Chung & Preece 1999, Brunton et al. 2003, L 6épez-Jimeno et al.
2003, Osanloo & Hekmat 2005, Singh et al. 2005). In order to account separately for the rock
characteristics and the blasting effect, the total efficiency 7 has been split in two components,
nrand 77g:

Q= QOURUB (4)

A concept similar to the rock component of the efficiency has been used by Kuznetsov et
al. (1997) asfollows:



—1.6fL/(3BY?)

Nr=¢€ (5)

Where fr is the Protodyakonov rock hardness ratio. In the present work, a combination of

the two rock properties available, density and strength, has been used in a weighted form

taken from Lilly (1986) and the Kuz-Ram model’ s (Cunningham 1987) density and hardness
term of the blastability index:

f, =0.025p, —50+UCS/5 (6)

UCS being uniaxial compressive strength (MPa). There are a number of relations to
estimate the UCS from the point load value (ISRM 1985, AENOR 1996, Kahraman 2001,
Sulukcu & Ulusay, 2001); using the ISRM one, UCS = 22| ys0):

fR = 0.025,DR —50+4.4l S(50) (7)

Figure 2 shows a plot of the rock factor fr with the density in abscissa and the UCS as
parameter of the lines. The points show the data values (Table 1).

0
2000 2500 3000 3500 4000
Density (kg/m3)

Figure 2. Rock factor. The labels of each line are UCS (MPa).

The dipper volume, as in Equation 5, has turned out to be an irrelevant predictor of the

rock part of the mucking efficiency; hence 7r has been formulated simply as:
—k fq

Nk =¢€ (8)

k being a factor to be determined from the data.

The effect of blasting in the mucking productivity has been investigated by a number of
authors. The productivity is low at low explosive energy concentration in the rock, since the
digging then is hard (LOpez-Jimeno et a. 2003, Swanepoel 2003); as the concentration
increases, the material flows more easily, the muckpile becomes flatter and the productivity
increases (McKenzie et a. 1998), until a maximum is reached at a critical concentration.
Beyond that point no further improvement takes place since the angle of repose of the smaller
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fragments diminishes and the throw increases, resulting in flatter pilesin which more than one
pass may be required to fill the bucket (Singh et al. 2005). In order to account for this
behavior, a bell-shaped function of the explosive concentration Eg has been used for the
blasting component of the efficiency:

_(Ec-E2)?
Ny=e > (9)

where E is the explosive concentration at which the efficiency is maximum, and ois a
shape factor, both to be determined from the data. The value of the critical concentration
depends on the rock characteristics (i.e. different energy inputs are required to achieve similar
muckpiles in different rocks) and on the loader type (e.g. rope shovels or wheel loaders,
Williamson et al. 1983, Lépez-Jimeno et al. 2003, Swanepoel 2003). A dependence of E2 on
the rock factor fr has been tested but no such dependence has been observed from the data
used. Other blast design parameters, such as the delay time between rows, have an apparent
influence in the muckpile shape (Konya 1995), but they have not been analyzed.

The explosive concentration can be expressed in a variety of ways, the classical and more
common one being the mass of explosive per unit volume or unit mass of rock, usually called
powder factor. Since rock blasting is a matter of energy delivery in the form of stress waves,
the energetic value of the explosive is commonly included in blast design formulae (e.g.
Langefors 1963, Cunningham 1983, 1987 and Chung & Katsabanis 2000). Segarra et a.
(2008) have reviewed different energy values (heat of explosion, useful work down to several
cut-off pressures, and ideal vs. partial reaction models) in the calculation of mucking rates and
concluded that the best energy description to fit mucking rate data is the useful work to 100
MPa calculated with a partial reaction model that uses the experimental velocity of the
explosive to determine the degree of reaction (Sanchidrian & Lépez 2006). These energies,
Efy,, are: ANFO: 987 kJkg; emulsion blend: 1621 kJ/kg; watergel: 2147 kJkg (Segarra et al.
2008). Energy concentration per unit volume of rock is calculated as the product of these
energies times the powder factors in Table 2. Both factors, total and above grade, have been
tried, with a better fit obtained using the powder factor above grade, g; thisis consistent with
the observation that the subdrill has a relatively small influence on the fragmentation
(Cunningham 1983), the rock movement (Sanchidrian et al. 2005) and the muckpile shape
(Chiappetta & Mammele 1987). The energy concentration or energy powder factor is, then:

Ee = qu%o (10)

Replacing (8) and (9) in (4):

_(Ee—ER)’
Q=Q"(c,c,)e* e 2 (11)

The three forms in Equation 3 have been tried for Q°. The coefficients ¢y, ¢, k, €2 and &
have been determined from the data in Tables 1 to 3 by a non-linear least squares fit using a
reflective Newton method (Coleman & Li 1994, 1996) to minimize the sum of squares; the
programming has been done in Matlab. The results are given in Table 4 for the three Q°
forms. The units of the variables are Q, m*h (BCM/h); By, m®By, tonnes; pr, kg/m®; fg,
calculated from Equation 6, with rock density kg/m® and point load strength MPa; Eg, kJ/m®.




The determination coefficient is also given in Table 4. The results are of similar quality
for the three forms of Q°, with slightly better result for the one in Equation 3a. With this, the
modél is, finaly:

(Ec-E2)?
Q=cB, “gfr 6_7 (12)

The coefficients are all significant at a 95 % level, as the p-values lower than 0.05 tell.
However, it should be pointed out that the leading factor, ¢, is the least significant one,
meaning that the ideal mucking capacity of the excavator should probably require a model
with more parameters than the dipper capacity alone. The ideal mucking capacity Q° ranges
from about 2000 to 4000 BCM/h. The optimum energy factor is consistently close to 1900 kJ/
m®.

Figure 3 shows the plot of measured vs. calculated values. The slope of the linear fit is
close to unity; the residuas are normally distributed as from the Lilliefors test, and
homoscedastic as from Engle’ s Lagrange multiplier test.

Figure 4 shows the rock and the blasting components of the efficiency, 7r, a function of
the rock factor (Equation 8), and 77, a function of the energy powder factor (Equation 9). The
total efficiency, n, is plotted in Figure 5. Circles in Figures 4 and 5 show the location of the
data.

Table 4. Parameters of the models and determination coefficients.

Q°=cBy Q°=cBy Q% =c,(By / pa)*

Coefficients Mean p-value Mean p-value Mean p-vaue
Ci 223.6 0.027 5092.1 0.017 20882 0.018
C 0.656 2x10° 0.450 6x10™ 0.531 3x10°
K 0.0189 1x10° 0.0180 3x10° 0.0152 3x10°
Ep 1878  <1x10°® 1884  <1x10° 1853 <1x10°®
o 868 <1x10° 883 9x10°® 861 <1x10°
R 0.917 0.877 0.913
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Figure 3. Production rates measured and predicted by the model.
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Figure 4. Components of the mucking efficiency. Left: rock; right: blast.
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Figure 5. Mucking efficiency.

4. CONCLUSIONS

The production rate of the excavators is a good indicator of the performance of a blast.
Such rate can be easily determined, with acceptable accuracy, either manually or from
dispatch data. A model has been developed to estimate the mucking production rate in bank
cubic meters per hour, as the product of an ideal, maximum rate, times an efficiency that
accounts for the rock strength and the energetic powder factor.

The rock strength term of the efficiency uses a factor that combines density and strength
in the same way as the Lilly/Kuz-Ram blastability index. The blasting term of the efficiency
is a bell-shaped function of the energetic powder factor.

The model has been fit to rock, blasting and loader productivity data of twenty blasts in
two, iron and copper, mines. Mucking rates ranged from 378 to 1537 BCM/h; point load
strength of the rock ranged from 3.1 to 9.4 MPa and density from 2530 to 3556 kg/m°.
ANFO, emulsion blend and watergel blasting agents were used with powder factors from 0.88
to 1.45 kg/m>. Excavators in the blasts monitored were rope shovel excavators and front
wheel loaders with nominal payloads between 38 and 81.6 tonnes; truck capacity was 240
tonnes. The model explains 92 % of the variance of the production rate and is statistically
significant.

The ideal, maximum productivity has been modeled as a function of the nominal dipper
payload; additional data should help to include the effect of variables such as rock strength
and loader type in the model.

The explosive energy value that has shown to better explain the influence of the blast on
the mucking rates is the useful expansion work down to 100 MPa, obtained from a non-ideal
detonation point meeting the experimental detonation velocity. The efficiency is maximum at
an optimum value of the energy powder factor close to 1900 kJkg. No general claim is made



on that figure; on the contrary, a relationship must exist between the optimum energy powder
factor and the rock strength, though this has not been found with the limited variability of the
data used.
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